Analysis of a Ground-Coupled Heat Pump During a Heating Season by Conlin, Francis
University of Tennessee, Knoxville
Trace: Tennessee Research and Creative
Exchange
Masters Theses Graduate School
8-1984
Analysis of a Ground-Coupled Heat Pump During
a Heating Season
Francis Conlin
University of Tennessee - Knoxville
This Thesis is brought to you for free and open access by the Graduate School at Trace: Tennessee Research and Creative Exchange. It has been
accepted for inclusion in Masters Theses by an authorized administrator of Trace: Tennessee Research and Creative Exchange. For more information,
please contact trace@utk.edu.
Recommended Citation
Conlin, Francis, "Analysis of a Ground-Coupled Heat Pump During a Heating Season. " Master's Thesis, University of Tennessee,
1984.
https://trace.tennessee.edu/utk_gradthes/3229
To the Graduate Council:
I am submitting herewith a thesis written by Francis Conlin entitled "Analysis of a Ground-Coupled Heat
Pump During a Heating Season." I have examined the final electronic copy of this thesis for form and
content and recommend that it be accepted in partial fulfillment of the requirements for the degree of
Master of Science, with a major in Engineering Science.
W.S. Johnson, Major Professor
We have read this thesis and recommend its acceptance:
ARRAY(0x7f6ffe3b1030)
Accepted for the Council:
Dixie L. Thompson
Vice Provost and Dean of the Graduate School
(Original signatures are on file with official student records.)
To the Gr aduate Counci l: 
I am submitting herewi th a the s i s wri tten by F r anci s 
Con l i n  enti t l ed " Ana l y s i s o f  a Ground-Coup l ed He at Pump 
During a Heating S e a son . "  I have exam i ned the f i n a l  copy o f  
thi s the s i s  f o r  fo rm and content and recommend that i t  b e  
accepted i n  part i a l  fu l f i l lment o f  the requ i rement s for the 
degree o f  M a s t e r  of Sci ence , wi th a m a j o r  i n  E ngine e r i ng 
Sci ence . 
We have r e ad thi s the s i s  and 
recommend i t s  acceptance: 
><:::::: \ ' 
Accepted for the Counci l :  
The Graduate 
ANALYSIS OF A 
GROUND- COUP LED HEAT PUMP 
DUR I NG A HEAT I NG SEASON 
A The sis 
P re s ented For The 
M a s t e r  O f  S c i enc e 
D e gree 
The Uni ve r s i ty O f  Tenne s s e e , Knoxvi l l e  
F r anc i s Conl i n  
August 1 9 8 4  
i i  
ACKNOWLEDGEMENTS 
I n  a p roj e c t  of thi s s i z e , much of the work cou l d  not 
h ave be en done wi thout the he lp of othe r s . I wou l d  l i ke to 
fi r s t  thank D r . W .  S t an Johnson for hi s wi l l i ngne s s  to 
ove r s e e  thi s proj e c t  and for hi s many he lpful sugge s t i on s  
dur i ng i t s c ou r s e . I n  addi tion ,  thank s  a r e  extended to the 
Ene rgy Envi ronment and Re sourc e s  Cente r for the i r  work 
p repa r i ng the s i t e , mon i tor i ng data co l l e c tion and for the i r  
coop e r a t i on wi th many of the di f f i c u l t  t a sk s  whi ch needed to 
be done . I wou l d  a l so l i ke to thank the Depa rtment of 
E ne rgy whos e  f i nanc ial support made thi s work pos s i bl e . 
F i na l l y ,  I wou l d  l i ke to thank my wi f e , Shi r l e y ,  for he r 
encou ragement , pat i enc e , and support du r i ng my gradu ate 
studi e s . 
i i i  
ABSTRACT 
A ground - c oup l ed heat pump , i n s t a l l ed i n  an 1 7 0  square 
meter r e s i dent i a l  bui lding i n  Knox County T enne s s e e , h a s  
been e x am i ned b o th expe r iment a l l y  and ana l yt i c a l l y . The 
ground c oup l i ng w a s  re a l i z ed wi th a 2 1 0  meter c o i l bur i ed 
1 . 2 me te r s  b e ne a th the s o i l ,  through whi c h. c i r c u l ated a 
s e c onda ry he a t  t r a n s f e r  f l ui d .  The hous e , the g round and 
the powe r c on sum i ng devi c e s  were i n s t rumented , and hour l y  
re adi ngs o f  temp e r ature s ,  heat f l ow s , powe r c onsumpt i on ,  and 
weathe r data w e r e  r e c o rded . 
The exp e r i ment w a s  c a r r i ed out dur i ng the 1 9 82- 1 9 8 3  
h e a t i ng s e a s o n  b e g i n i ng i n  Novemb e r  and l a s t i ng 2 6  weeks . 
The ove ra l l  h e a t i ng s e a sonal p e r f o rmanc e f a c t o r  w a s  2 . 5 7 .  
No b a c kup h e a t  w a s  r e qui red throughout the dur a t i o n  o f  the 
e xp e r i ment . 
An ana l y s i s  w i th the TRNSYS and GRO C S  c ompute r programs 
was a l s o und e r t aken . The s e  program s  were spec i f i c a l l y  
modi f i ed t o  mode l the he a t i ng s y s tem , and the g round heat 
exch ange r .  The mode l p redi c ti on o f  ove r a l l  s e a s o n a l  
pe rfo rmanc e f ac to r  w a s  w i th i n  5% o f  the m e a sured v a l ue s . 
The e ff e c t  o f  varyi ng s eve r a l  p a r ame te r s  such a s  ground c o i l 
l ength , s o i l the rm a l  p rope rti e s , and the heat pump 
pe rfo rmance c urve , w a s  exam i ned . The mode l w a s  found to be 
re l at ive l y  i n s e n s i t ive to sma l l v a r i ati o n s  in the rm a l  
i v  
prop e rt i e s  o f  the s o i l .  The maximum s e a s o n a l  p e r fo rm anc e 
f a c t o r  f o r  the Knoxvi l l e  a r e a  w a s  predi c t ed to b e  2:8 5  u s i ng 
the max i mum e s t imated the rma l  c onduc t i vi t y ,  twi c e  the 
o ri gi n a l  c o i l l ength , and the ob s e rved he at pump p e r f o rmanc e 
c urve fo r the s y s tem . 
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CHAPTER I 
I NTRODUCTI ON 
Re s i dent i a l  h e a t i ng i s  re spon s i b l e  f o r  a l arge f r a c t i o n  
o f  the t o t a l ene r gy c on sumed i n  many home s today. The heat 
pump , bec au s e  of i t s  abi l i ty to t r an s f e r  mo r e  ene rgy a s  he at 
than the amount of energy requ i red f o r  i t s ope r at i on , 
p rovi de s one o f  the more popu l ar methods f o r  he a t i ng . The 
abi l i ty o f  the he at pump to s e rve a s  a c o o l i ng uni t 
i nc re a s e s  i t s popu l a r i t y  even more . 
Heat Pump C l a s s i f i c at i on s  
Heat pump s ystems m a y  b e  c l a s s i f i ed b y  the type o f  h e a t  
source emp l o yed. Mo s t  s y s tems current l y  u s e  a i r a s  a h e a t  
source and u s e  a fo r c ed c onve c t i on re f r i ge r ant- to - a i r  c o i l 
to p rovi de the he at t r an s f e r  f rom the out s i de a i r t o  the 
heat pump . O the r typ e s  o f  heat sourc e s  i nc lude bodi e s  o f  
wate r whi ch u s e  a he a t  exchanger de s i gned f o r  natu r a l  
c onve c t i on he at t r an s fe r ,  and the ground whi ch u s e s  a he at 
e x change r de s i gned for c ondu c t i on heat t r an s f e r  ( 1 ) . 
The he at pump emp l o y i ng fo r c e d  c o nve c t i o n  
r e f r i ge r ant - t o - a i r  he at exch ange r c o i l s  bo th i n s i de and 
out s i de the c ondi t i oned spac e , o ften r e f e red to a s  an 
a i r - to - a i r  he at pump , i s  by f a r  the m o s t  c ommon he at pump on 
the m a rket toda y . Howeve r ,  thi s popu l a r i ty i s  due l ar ge l y  
the e a s e  o f  manu f a c tu r i ng and o f  i nsta l l a t i o n  o f  the 
2 
a i r - t o - a i r s ys tem , a s  seve r a l  a l t e rn a t i ve typ e s  o f  heat pump 
s y s tems demons t rate better p e r f o rmanc e .  
Ground- C oupl ed He at Pumps 
The g r ound - c oup l ed heat pump i s  a c l a s s i f i c at i on o f  
heat pump s wi th i t s  env i ronmenta l  he a t  e x chang e r  l o c ated i n  
the s o i l , and i t  i s  one o f  the heat pump opt i o n s  wi th 
s eve r a l  p e r f o rmanc e bene f i t s  ove r the a i r - to - ai r  s y s tem . 
The ground- c oup l ed he at pump i s  not subj e c t  to p o o r 
p e r fo rmanc e dur i ng p e r i ods o f  l ow amb i ent a i r  temp e r ature s , 
a s  i s  the a i r-to - a i r  heat pump , and thus m i nimi z e s  the u s e  
o f  r e s i s t anc e backup heat . I n  addi t i on t o  dec r e a s i ng the 
ove r a l l  s y s tem p e r f o rmanc e ,  re s i s t anc e backup heat requ i red 
by a i r - t o - a i r he at pump s c an add s i gni f i c ant l y  t o  a 
uti l i ty's p e ak l o ad requ i rement s . A l s o , the r e  i s  no need 
f o r  a p e r fo rmanc e damagi ng defro s t  c yc l e  f o r  the e arth 
c oup l ed heat pump a s  the re i s  i n  the a i r - to - a i r  s y s tem . 
S tudi e s  h ave shown tha t  the i nhe rent problems wi th the 
a i r - to - ai r  heat pump r e s u l t  i n  an ave r age ove r a l l he a t i ng 
s e a so n  p e r fo rmanc e f ac t o r  o f  1 . 5  f o r  the E a st Tenne s s e e  
regi o n  ( 2 ) ,  A p rope r l y  d e s i gned r e s i dent i a l  ground- c oup l ed 
he at pump s ys tem , howeve r ,  c an exp e c t  to have a h e a t i ng 
s e a s on p e r f o rmanc e f a c t o r  o f  ne a r  3 . 0  ( 3 ) . ( The he a t i ng 
s e a so n a l  p e r f o rm anc e f ac t o r  i s  de f i ned a s  the amount o f  
ene rgy de l i ve red a s  heat divi ded by the amount o f  energy 
that c o st s  f o r  the ent i re he ating s e a son . ) 
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One r e ason the ground- c oup l ed he at pump has no t been as 
warm l y  re c i eved as the a i r - to - a i r  he at pump i s  b e c ause o f  
the addi ti ona l expense i nvo lved i n  the i nst a l l at i on o f  the 
ground c o i l .  A sec ond r e ason is the sl ow advanc e o f  desi gn 
c ri te r i a f o r  e ar th c o i ls tha t  wou l d  enab l e  a dependab l e  
app l i c at i on . Howeve r ,  r i sing he ating c osts and i nc r e ased 
desi gn c ap ab i l i ti es se rve to make the g round- c oup l ed heat 
pump i nc re as i ng l y  a t t r a c t ive . 
S eve r a l  desi gns o f  heat exchange r c o i l s a re avai l i ab l e  
f o r  the g r ound- c o i l o f  the ground- c oup l ed h e a t  pump . These· 
inc lude b o th open- l o op and c l osed- l o op systems . The 
open- l o op system i s  f o r  use be l ow the w a t e r  t ab l e , and i n  
thi s  desi gn , ground water is pumped through the h e a t  pump 
he at exchange r and is then returned to the ground . The 
c l osed- l oop system has a more gene r a l  app l i c at i o n  and i s  
usu a l l y  a l ong c o i l bur i ed bene ath the so i l  i n  any vari ety 
o f  heat exchangi ng desi gns . The geome t r y  o f  the ground 
c o i ls is r e f e r e d  to as ho r i z onta l  i f  the c o i l s a r e  p a ra l l e l  
t o  the ground sur f a c e  and as verti c a l  i f  the c o i ls a r e  
pe rpendi c u l a r  to the sur f ac e . 
S tudy Obj ec ti v e  
Thi s  study c onc e rns a ground- c oup l ed he a t  pump 
emp l o y i ng a c l osed- l o op ho ri z ont a l  e a rth c o i l whi ch was 
i nst a l l ed a t  the Tennessee Ene rgy Conservat i on i n  Hous i ng 
( TECH ) f ac i l i ty l o c ated on A l c o a  H i ghway i n  Knox County 
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Tenne s s e e . The TECH f ac i l i ty i s  a jo int r e s e a rch venture 
operated by the Tenne s s e e  Va l l e y  Autho r i t y ,  the D ep a r tment 
o f  Ene rgy , and the Uni ve r s i ty o f  Tenne s se e . The de s i gn o f  
the he at pump s y s tem w a s  p rovi ded b y  B atte l l e - Columbu s 
Labo r ato r i e s  and spe c i f i ed a 3 . 0  c entime t e r  i n s i de d i ame t e r  
p o l ybut y l ene c o i l 2 1 0 me t e r s  i n  l ength bur i ed t o  a depth o f  
1 . 2 me t e r s  ( 4 ) . Thi s heat pump s y s tem w a s  i n s ta l l ed i n  TECH 
�hou s e  I and wa s u s ed to provide he a t  f o r  the 1 9 8 2 - 1 9 8 3  
he a t i ng s e a s o n . 
The f i r st objec t i ve o f  thi s study i s  to e x am i ne 
expe r i ment a l l y the p e r f o rmance o f  a ho r i z on t a l  g r6und-
c oup l ed heat pump in the E a st Tenne s s e e  r e gi o n . The s e c ond 
obje c t i ve i s  to make ana l yti c a l  p redi c t i o n s  u s ing an 
ava i l ab l e  s i mu l ati on mode l and to c ompare the s e  p redi c t i o n s  
wi th the exp e r iment a l  r e s u l t s . P ar amet r i c  s tudi e s  have been 
p e r f o rmed wi th the p r o gram GROCS to exp l o re the f o r c a s t i ng 
abi l i ty and s en s i tivi t i e s  o f  the mode l i ng to p a r t i cu l a r  
vari abl e s , and t o  p redi c t  the max i mum p e r f o rm ance obt a i nab l e  
wi th i n  the r ange o f  the s e  vari abl e s . 
CHAPTER I I  
L I TERATURE REV I EW 
I ni ti a l  He at Pumps 1 8 5 0 - 1 9 4 5  
The i de a  o f  the h e a t  pump h a s  b e e n  a round s i nc e 1 8 5 2  
when Wi l l i am Thoms o n  ( Late r to b e c ome L o rd K e l v i n) p r opo s ed 
an open c yc l e a i r- to-a i r  " he at mu l t ip l i e r "  whi c h  c ou ld be 
u s ed for b o th the heating and c o o l i ng of bui ldings ( 5 ) . I n  
the ye a r s  t o  fo l l ow ,  much progre s s  was made w i th the 
r e f r i g e r a t i ng app l i c at i o n  o f  thi s i de a ,  whi ch m e t  an 
e s tab lished need . I nt e r e s t  i n  the he a t i ng app l i c at i o n ,  
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howeve r ,  w a s  s l i ght due to l o w  c o st heat gene r ato r s  a l r e ady 
avai l ab l e . I t  i s  c ommo n l y  a c c epted that the f i r s t  he a t i ng 
app l i c at i on o f  the heat pump o c cu red when H a l dane 
c on s truc ted an e xp e r i ment a l  heat pump in hi s home i n  
S c o t l and i n  the m i d  1 9 2 0's ( 6 ) . H a l dane ana l yz ed data from 
a s e l e c t i on o f  r e f r i ge r ating p l an t s  to obt a i n  b ackground f o r  
hi s de s i gn .  Hi s f i r s t  heat pump u s ed ammoni a a s  a w o rk i ng 
f lu i d  and u s ed a c ombi nati on o f  a i r and muni c i p a l  water a s  a 
heat s ourc e . The he at w a s  di s t r i buted b y  l ow t emp e r ature 
hot wate r r adi a to r s , and the sy stem had a r epo rted 
e ff i c i ency o f  2 00 t o  3 0 0% . Ha ldane ' s  suc c e s s  i n spi red many 
o f  the de s i gn s tudi e s  and demonstrati ons whi ch were to 
fo l l ow .  
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Ove r  the next 2 0  ye a r s  s eve r a l  l a rge output h e a t  pump s 
w e r e  bu i l t . L arger p l ant s were mo r e  att r a c t i ve than sma l l e r  
p l an t s  b e c au s e  the i r  c o s t  r e l ated t o  the h e a t  output i s  
l owe r ,  and a l so a g r e a t e r  opp o rtuni ty exi s t s  to impr ove the 
p e r f o rm anc e ( 7) .  A maj o r  dev e l opment w a s  m ade i n  h e a t  pump 
t echno l o gy when i n  the e ar l y  40's the f i r s t  o f  the modern 
ha l o c a rb o n  r e f r i g e r ant s , R- 1 2 , was made ava i l ab l e . 
The Swi s s  m ade· an e ar l y  a l l i anc e w i th the heat pump , 
p rodu c i ng 1 0  l a rge p l ant s from 1 9 3 8 - 1 9 45 yeildi ng output s 
f rom 5 8  t o  7 0 0 0  k i l owatts ( 8) .  A rev i ew o f  many i mpo r t ant 
e ar l y  he a t  pump app l i c at i on s  in the Uni ted Ki ngdom c an be 
found by H e ap ( 9) ,  and the p r i nc i p a l  e a r l y  app l i c at i on s  i n  
the Uni ted S t a t e s  a r e  ex ami ned b y  Kem l e r  (1 0) . The s e  e a r l y  
h e a t  pump s sp an the pe r i od from 1 9 2 2  t o  1 9 4 5 , and u s e  wat e r  
and a i r a s  he a t  s o u r c e s .  
Ground - Coupl ed Heat Pumps 
B y  the m i d  1 9 40's a i r  and water s o u r c e  h e a t  pump s had 
b e e n  demo n s t r a t ed a s  valuab l e  addi ti o n s  to h e a t i ng 
t echno l o gy . The g round sourc e he a t  pump , howeve r ,  took 
l onge r to deve l op . Spo rn ( 1 1 )  po i nt s  out i n  1 9 4 7  the 
p o tent i a l  o f  u s i n g  the e arth a s  a he a t  sourc e ,  but he a l s o  
note s the l ac k  o f  d a t a  avai l ab l e  de s c r i b i ng the c o nduc ti on 
o f  h e a t  t o  and f rom the s o i l .  The data tha t  w a s  avai l ab l e  
c ame f rom wate r ,  g a s , and o i l  l i n e s  and f rom e l ect r i c a l  
c o ndu i t s  that w e r e  bur i ed beneath the ground . Thi s 
i nf o rmat i o n  w a s  s omewhat u s e fu l  i n  de s c r i b i ng a g round c o i l 
a s  a c onden s e r ,  but vi rtua l l y  no data w a s  available that 
c ou l d  b e  u s e d  t o  de s c r i b e  the ground c o i l a s  an evapo r a to r . 
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I nge r s o l  ( 12 )  w a s  the p i one e r  o f  much o f  the analyti c a l  
w o rk o n  e ar th he a t  e xchange r s . Hi s app l i c at i on o f  the 
c on s t ant h e a t  r at e  l i ne s ou r c e  s o luti o n  to the unste ady 
c ondu c t i on equ at i on p rovi ded a b a s i s  f o r  futur e  s tudy and 
exp e r i ment a t i o n  u s i ng e arth a s  a he at s ou rc e . H ad l e y  ( 1 3 )  
Gue r n s y  ( 1 4 )  and Smi th ( 1 5 )  augmented the kno w l edge i n  thi s 
f i e ld by dev i s i ng de s i gn theo ry fo r he a t i ng ground c o i l s  and 
encouraged the expe r i mentat i on w i th e ar th s o u r c e  heat pump s . 
The d i s scu s s i on o f  b o th the Gue rn s y  and Smi th p ap e r s  r e f l e c t  
v a l u ab l e  knowl edge g a i ned f rom nume rou s ground- c oup l ed heat 
pump app l i c at i on s , e spec i a l l y  f rom 1 1 2  heat pump s i n s talled 
in the P o r t l and , O re gon area between 1 9 45 and 1 9 4 9 . Many o f  
the s e  O r e gon he at pump s f a i l ed due t o  i mproper c o i l l ength 
o r  due to damage by f r e e z i ng . I nge r s o l  l at e r  ana l y z e s  a 
numbe r o f  g round c o i l c onfi gu r a t i o n s  i nc ludi ng a f l at p l ate, 
a s t a r , a ho r i z onta l  p i p e  gri d ,  a verti c a l  pipe g r i d ,  and a 
sphe r i c a l  c av i ty ( 1 6 ) . He c onc lude s tha t  the i s o l ated pipe 
i s  sup e r i o r  to the o ther confi gu r a t i o n s  as an e ar th heat 
exchange r. 
More c omp l e x  app l i c at i o n s  o f  ground - c oup l ed he at pump s 
b egan to appe a r  i n  the p e r i o d  after 1 9 45 . B ak e r  ( 1 7 )  
i nve s t i gated a ground - c oup l e d  heat pump u s i ng b o th the e arth 
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a s  a he at s i nk and a 400 0  l i te r  t ank o f  w a t e r  f o r  the rma l  
s t o r age , and t i me de l ay swi tching whi ch a l l owed the 
c i rc u l at i on pump s to operate l onge r than the c ompr e s s o r . A 
n e a r  c on s t ant month l y  h e a t i ng energy r at i o  o f  3 w a s  repo rted 
f o r  the 19 5 0 - 1 9 5 1  w i nte r .  Heat f l ows , a s  we l l  a s  run t i m e s  
and powe r c on sumpti o n s , were rec o rded . 
The r e su l t s  o f  e a rth- c oup l ed he a t  pump s from 2 8  
i n s t i tu t i o n s  w e r e  c o r re l ated and i nfo rmati o n  about the i r  
i nve s t i g ati o n s  we re t abu l ated by the Edi s o n  E l e c t r i c  
I n s t i tu t e  ( 1 8 ) . Thi s s�rvey c i t e s  i nve s t i gati o n s  f rom 
1 9 45 - 1 9 5 � and i nc lude s c o i l data , heat pump e qu i pment , te s t  
du r at i o n s , h e a t  f l o w s , s o i l tempe r a tu re s ,  and a b r e i £  
summary o f  r e su l t s  and c onc lu s i on s  f rom tho s e  s tudi e s . 
A l though much p r o g r e s s  w a s  shown , the AEIC - EEI heat pump 
c ommi ttee c onc l uded that "even wi th thi s c on s i de r ab l e  amount 
o f  i nfo rmat i on , the r e  i s  s t i l l  no app arent l y  wo rkab l e  de s i gn 
e qu at i o n  whi ch c an b e  u s ed by the i ndividu a l  c on t r a c to r . ' '  
Dur i ng thi s time p e r i od ,  data regard i ng e ar th c oup l ed 
heat pump s b e gan t o  mu l t ip l y . W i th thi s we a l th o f  data grew 
much ana l y i t i c a l  ex ami nati on of soi l p rope r t i e s , e sp e c i a l l y  
tho s e  p rope r t i e s  hav i ng to do wi th the i n f luence o f  m o i s ture 
on the the rma l c onduc tivi ty o f  s o i l s  and wi th the phenomenon 
o f  mo i s tu r e  m i g r a t i o n  in a p o ru s  medi um , such as s o i l ,  
towards a c o ld o b j e c t  ( 1 9 , 2 0 , 21,2 2 , 2 3 ) . The rma l c o ndu c t i vi y 
i s  a func ti on o f  s o i l  type , dens i ty and m o i sture c ontent . 
The r e fo r e , the e ff e c t  o f  he a t  addi t i o n  i n  the s o i l ,  and 
o the r f a c to r s  whi ch inf luenc e mo i s ture have p a rti c u l a r  
c on s e quenc e s  f o r  the the rma l  c ondu c t i vi ty o f  the s o i l  and 
thu s the p e r f o rmance o f  the ground- c oup l ed h e a t  pump . S o i l 
the rmal c onduc t i v i t y  w a s  shown to change 4 t o  1 0  t i me s 
dependi ng o n  the m o i s tu re c ontent and type o f  s o i l  ( 1 9) . 
The e ff e c t s  o f  f r e e z i ng a round the c o i l dur i ng the h e a t i ng 
ope rati on and the beni f i c i a l c apture o f  l at e nt he a t  i s  a l so 
revi ewed ( 1 0 ,  1 4 ,  1 7) . The l atent he a t  c an p rovide m o r e  
than 80% o f  the avai l ab l e  h e a t  i n  c o o l i ng s o i l  f rom lOC t o  
lC ( 1 4 ) . 
Ve s t a l  ( 2 4) i n  1 9 5 7  p e r f o rmed an exten s i ve r e s e a r ch 
program e xp l o r i ng the e a rth a s  b o th a he a t  s i nk and heat 
s o u r c e  and p r e s ented an extens i ve expe r i ment a l  de s c ripti on. 
Ve s t a l  c omp l e ted 5 7  t e s t s  at hi s bur i ed c o i l i n s t a l l ati on . 
The �o i l s  w e r e  e x ami ned both a s  c ondens e r s  and a s  
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evap o r ato r s . The t e s t s  ope r ated f rom 5 to 9 0  day s durati o n ,  
and a v a r i e t y  o f  c o ndi t i on s  were exp l o red . Rec o rd s  a r e  
ava i l ab l e  on runtime s ,  f lu i d  temperatu re s ,  Reyno lds numb e r s , 
s o i l the rm a l  c o nduc t i vi ti e s ,  heat f l ow s  and vo lume o f  f r o z en 
s o i l f o r  e ach t e s t .  Ve s t a l  app l i ed a d i men s i o n a l  ana l y s i s  
to c o rre l ate the s e  data and to e st ab l i$h a de s i gn c r i te r i a  
f o r  pipe l e ngth . P enrod ( 2 5 )  a l so c ontri buted t o  the 
g round- s o u r c e  heat pump s c i enc e  dur i ng thi s t ime p e r i od . 
S eve r a l  p ape r s  by Penrod di s s cu s s i ng de s i gn p r o c edur e s  and 
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ana l y s i s o f  e ar th he at pump s c oup l ed w i th s o l a r  he a t  
c o l l e c t o r s  and r e l ated studi e s  w e r e  p rodu c ed at the Kentucky 
Engi nee r i ng E xp e r i ment S t at i on . Equ a t i o n s  a re pub l i shed f o r  
dete rm i n i ng the s i z e  o r  c apac i ty o f  p r i ncipal s ys tem 
c ompo nent s .  
Cu rrent S tudi e s  
Due t o  the hi gh avai l ab i l i ty o f  o the r l ow c o s t he at 
gene r ato r s  in the 1 9 5 0's and 1 9 60's, much of the wo rk wi th 
ground- coup l ed h e a t  pump s w a s  abandoned . Howeve r ,  r e c ent 
i nt e r e s t  in thi s sub j e c t  i s  i nc re a s i ng due to the ris i ng 
c o s t  o f  ene rgy . S eve r a l  advanc ement s i n  techno l o gy by the 
m i d  1 9 7 0' s  ai ded the re surgent i nte r e s t  in ground- c oup l ed 
he a t  pump s . The u s e  o f  p l a s t i c  p i p e s  and the u s e  o f  
moto r i z ed t renche r s  and dri l l i ng machi n e s  f o r  bur y i ng the 
pipe have s imp l i f i ed and e c onomi z ed the i n s ta l l at i on o f  the 
ground c o i l .  The u s e  o f  the c ompute r h a s  v a s t l y  extended 
the ana l y i t i c  ab i l i ty from graph i c a l  and emp i r i c a l de s i gn 
p ro c edu re s .  Nume r i c a l  techni que s f o r  ground he a t  t r a n s f e r  
c a l cu l at i on s  a r e  avai l ab l e f o r  ground c o i l de s i gn .  D e s i gn 
methodo l o gi e s  from thi rty- s i x  Uni ted S t at e s' and Eu rope an 
c ount ri e s  a re r evi ewed by B atte l l e ( 3 ) .  The s e  v a r y  i n  
c omp l ex i ty from ru l e s  o f  thumb to mu l t i - d i me n s i on a l  
t r an s i ent f i ni t e  e l ement and fini te di ffe renc e mode l s ,  s ome 
o f  whi c h  i nc lude mo i s ture mi grati on and f r e e z ing 
c o n s i de ra t i o n s . 
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A s i gn i f i c ant c ontr i but i on both to the s c i enc e and to 
the app l i c at i on o f  e a rth- c oup l e d  heat pump s i n  the Uni ted 
S t ate s i s  b e i ng made by the Okl ahoma S tate Unive r s i ty H e a t  
Pump Re s e arch L ab o r at o r y . A 1 9 82 repo r t  summ a r i z e s  the wo rk 
b e i ng done at that f ac i l i ty ( 2 6) .  I nv e s t i gati o n s  w i th 6 
di ffe rent exp e r i ment a l  e arth c o i l s  and two fu l l  s c a l e  s o l a r  
s y stems have p rovi ded much data t o  supp o r t  e a rth- c oup l e d  
app l i c at i on s  i n  that a re a . Data c o l l e c ted i nc l ude s heat 
f l ows, and b o th fluid and s o i l temp e r ature s .  D i ffe rent pipe 
mate r i a l s, anti f r e e z e s o luti ons and co r ro s i on i nhi b i to r s  
h ave been t e s ted f o r  many a r r angement s o f  ho r i z onta l  and 
v e r t i c a l  ground c o i l s . I n  addi t i on , s e ve r a l  b r ands o f  water 
source heat pump s have been i nve s t i gated and p e r f o rmanc e s  
have b e e n  repo rted f rom 2 . 6  to 3 . 7 5 .  Ano the r s tudy i n  
S t i l lwat e r  whi ch i s  a s so c i ated wi th the Uni ve r s i ty ,  i s  
suppo rted by Okl ahoma G a s  and E l ec t r i c c omp any and the 
E l e c t r i c  P owe r Re s e a rch I ns t i tute . Thi s s tudy c omp a r e s  
thr e e  i dent i c a l r e s i denc e s  e ach w i th di ffe rent he a t i ng 
s y s tems i nc luding w a t e r  s ou r c e  heat pump s emp l o y i ng a 
v e r t i c a l  g round c o i l a l one and i n  c omb i n a t i o n  w i th a s o l a r  
s y s t em . The work a t  Okl ahoma S t ate Unive r s i ty enjoy s  the 
supp o rt o f  s eve r a l  l o c a l  manu f a c tu re r s  o f  produc t s  and 
s e rvi c e s  f o r  ground - c oup l e d  heat pump app l i c at i on, and the 
Unive r s i ty h a s  deve l oped a s e ri e s  o f  de s i gn b r i e f i ng s , 
s e rvi c e  t r a i ni ng c our s e s ,  and i n s t a l l a t i on s e m i n a r s  whi c h  
supp o rt the l o c a l  demand f o r  the p roduc t .  
B ro o kh aven N a t i o n a l  Laboratory h a s  been i nvo lved i n  
g r ound- c oup l e d  he a t  pump r e s e arch s i nc e  1 9 7 9 . A p ap e r  by 
Metz out l i ne s the b a s i c  ground- c oup l ed r e s e arch ha rdware 
whi ch i nc lude s 4 bur i ed tank s , 6 e arth c o i l s ,  and 6 s e a l ed 
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v e r t i c a l  we l l s  ( 2 7 ) . One c o i l i s  u s ed to h e a t  a sma l l ,  we l l  
i n su l ated hou s e  wi th a de s i gn he a t  r ate o f  3 . 4  KW ( at - 12 C ) . 
I n  anoth e r  repo rt Metz summari z e s  the p e r f o rm an c e  o f  the s e  
s y s tems ( 2 8 ) . D a t a  f o r  thi s r e s e arch ventu re i s  repo rted a s  
month l y  ave r age s f o r  heat f l ows , flui d and g round 
tempe ratu re s ,  runt i m e s  and ambi ent c ondi ti on s . A 
p e r f o rmanc e o f  2 . 3 i s  reported f o r  the l ab o r at o r y ' s  l o c at i on 
i n  Upton New Y o rk . Much o f  Brookhaven Nati ona l Labo ratory ' s  
e xp e riment a l  wo rk h a s  b e en u s ed to v a l i date a f i ni te 
di f fe renc e c omputer mode l o f  ground h e a t  t r a n s fe r . Thi s 
mode l u s e s  c on s t ant s o i l  prope rti e s  and a c omp a r a t i ve l y  
sma l l  numbe r  o f  l a rge nod a l  vo lume s . Comp a r i s on o f  ave rage 
l ong t e rm b r i ne temp e r ature s show f a i r l y  good agre ement w i th 
c omputed va lue s f rom g round- c oup l i ng expe r i ment s . 
A s ymp o s i um o n  e a rth- c oup l ed heat pump s he l d  i n  Sweden 
i n  1 9 7 9  attrac ted p a rti c i p ants f rom 9 c ount r i e s  a s  f a r  away 
as Au s t ra l i a  ( 2 9 ) . The proc eedi ngs f rom thi s gathe r i ng 
sugge s t s  an optimi s t i c  future f o r  the ground - c oup l ed heat 
pump , and rep o r t s  a vari ety o f  f i ndings f rom the s e  
c ount ri e s . 
A survey b y  B a l l  ( 3 ) ,  reve a l s  that the re e x i s t  today 
over 6 0 0 0  h e a t i ng o n l y  ho r i z onta l  ground- c oup l e d  he at pump 
i n s ta l l a t i o n s  i n  Sweden a l one , and unknown but s i gn i f i c ant 
numb e r s  i n  o th e r  Europe an c ountr i e s . I n  add i t i on , i t  i s  
e s ti mated that the re are ove r 1 0 0 0  ground - c oup l ed 
i n s ta l l at i o n s  a c t i ve i n  the Uni ted State s .  An ab r i evi ated 
l i st of c u r rent i nte rnat i on a l  ground- c oup l ed he a t  pump 
s tud i e s  and the i r  p e r f o rmanc e characte r i s ti c s  i s  tabu l ated 
by Batte l l e  ( 3 ) . Thi s t ab l e  shows a s e a s o n a l  p e r f o rmance 
f ac t o r  r ang i ng from 2 . 0  to 3 . 4  for 1 2  g round- c oup l ed 
r e s e a rc h  l ab o r a to r i e s . 
1 3  
I nsp i te o f  the p ro gre s s  o f  ground - c oup l e d  heat pump 
r e s e a rc h  and app l i c at i on s , further studi e s  need to c ont i nue 
i f  a re l i ab l e  and gene r a l  de s i gn proc edure i s  t o  deve l op . 
Concur r e nt r e s e arch and app l i c at i on o f  ground c o i l he at 
exchange r s  wi l l  p rovi de i nfo rmat i o n  to enab l e  r e s e a rche r s  to 
achi eve thi s go a l . 
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CHAPTER I I I  
EXPERI MENTAL METHODS 
F ac i l i t i e s  
TECH hou s e  I w a s  cho s e n  among the hou s e s  o f  the TECH 
f ac i l i ty t o  i nc o rp o r ate the g round- c oup l ed he a t  pump s ys tem . 
D e s i gn data and p revi ous i nve s t i gati o n s  w i th TECH hou s e  I 
�show the de s i gn he ati ng l o ad to b e  5 . 3 2 KW c a l cu l ated at 
- 1 0C out s i de and 2 0C i n s i de ( 3 0 ) . A T e t c o  wate r - t o - water 
he at pump w a s  i n s t a l l ed f o r  use  in the study . Even though 
the uni t w a s  de s i gned f o r  heating o n l y ,  spa c e  c o o l i ng f o r  
summ e r  app l i c at i on i s  provi ded by the u s e  o f  thr e e - w a y  
va lve s whi ch exchange the f l ow through the g round c o i l wi th 
the f l ow through the a i r s i de c o i l a s  s e e n  i n  F i gure 1 .  
Ground Co i l  
The ho r i z ont a l  c o i l geome try w a s  determi ned large l y  by 
the avai l ab i l i ty of sui t ab l e  ground sur f a c e  are a . I de a l  
c ondi t i on s  a r e  a homogeneou s s o i l  i n  a f l at unsh aded a r e a  
whi ch wou l d  c atch n e a r - b y  drai nage and that i s  o f  su f f i c i ent 
s i z e  to a c c ommodate a c o i l 2 1 0 mete r s  in l e ngth p l ac ed 1 . 2  
mete r s  b e l ow the s u r f a c e  whi l e  spaced no c l o s e r  than 2 
mete r s  ( 4 ) . The b e s t  approxi mati on o f  the s e  i d e a l  
c ondi t i o n s  a t  the TECH s i te w a s  dete rmi ned and the c o i l 
l ayout w a s  e s t ab l i shed a s  shown i n  F i gure 2 .  The g round w a s  
exc avated w i th a mot o r i z ed chai n trenche r to an app r o x i mate 
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depth o f  1 . 2 met e r s  and 2 0 6  mete r s  o f  nom i n a l  3 . 0  c entimeter 
di amet e r  thi c k - w a l l ed p o l ybutyl ene pipe w a s  i n s ta l l ed .  The 
t rench w a s  then b ac kf i l l ed w i th the o r i gi n a l  mate r i a l  and 
tamped . The c o i l w a s  f i l l ed w i th a 2 0% by we i ght 
methano l/w a t e r  s o luti on whi c h  i s  c i rcu l ated throughout the 
l o op w i th a Go rman-Rupp pump . The pump p roduc e s  a f l ow r ate 
of 3 6  l i te r s  per m i nute through the ground l o op . 
I n s t rument ati on 
The data r e c o rded f o r  the.g round- coup l ed he at pump 
exp e r i ment i n c l ude temp e r atu r e , he at f l ow s  and pow e r  
c on sump t i o n  me a surement� . Mo s t  o f  the s e  data a r e  r e c o rded 
on magne t i c tape w i th a Hew l e t  P ackard data a c qu i s i t i on 
s y s tem ( DAS ) f o r  e ach hour . The temp e r atur e s  a r e  r e c o rded 
as i n s t ant ane ou s value s ,  and a l l  o the r me a sured quant i t i e s  
a r e  r e c o rded a s  sums ove r e ach hour . 
The temp e r ature at nineteen l o c ati o n s  i n  the s o i l i n  
the vi c i n i ty o f  the p i p e  were me a sured wi th a p l at i num 
re s i s tanc e temp e r ature devi c e  ( RTD) . Fourteen RTD ' s we re 
l o c ated a t  approx imate l y  5 0% of the p i pe l ength and w e r e  
s e cured i n  p l ac e  by attachi ng them to a supp o rt . S i x  RTD' s 
were l o c ated i n  a ho r i z ontal p l ane w i th the p i pe , and up to 
a di s tanc e of one meter from the pipe . E i ght o f  the s e  were 
l o c ated in a ve rti c a l  p l ane wi th the pipe f rom 0 . 7 5 mete r s  
be l ow the p i p e  t o  0 . 6  mete r s  above the pipe . F i gu r e  3 show s 
the p r o f i l e s  o f  the temp e r ature s e ns o r s  at 5 0% o f  the pipe 
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l ength . Thr e e  RTD's we re s ecured to the p i pe w a l l and 
i nsu l ated at di f f e rent l o c at i on s  a l ong the p i pe l ength . One 
w a s  l o c ated at 2 5% f r om the entr anc e of the supp l y  l i ne, one 
w a s  l o c ated at 5 0%, and the fi nal RTD w a s  l o c ated at 7 5 %  o f  
the pipe l e ngth f rom the entranc e .  S ome o f  the temp e r ature 
sens o r s  wi th i n  the s o i l  at the 5 0% l ength were r e l o c ated 
dur i ng the f i r s t  month o f  the heating s e a s o n  ( Novemb e r  2 4, 
1 9 82 ) . Thi s r e s u l ted i n  s ome di s c onti nu i t i e s  i n  the 
e xp e r iment a l  de s c r i pt i on o f  the s o i l tempe r a tu r e s ,  but i s  o f  
l i tt l e  o the r c on s equenc e . 
The f i na l  two RTD ' s i n  the g round w e r e  p l a c ed i n  a ho l e  
d r i l l e d  ne a r  the p i pe f i e l d . One w a s  bur i ed at 3 met e r s  
f rom the sur f a c e  and the o ther w a s  bu r i ed a t  5 c entime t e r s  
f rom the su r f ac e . I n  addi t i on the c o ndi ti oned sp a c e  wet 
bu lb and dry bu lb temp e r atu r e s  were m e a sured vi a s o l i d  state 
temper ature t r an s duc e r s . 
A f l ow m e t e r  and two RTD's c omp r i s e  the c omponent s f o r  
m e a sur i ng the h e a t  f l ow from the ground and to the 
c o ndi ti oned spac e . The temp e r ature di f f e renc e from the 
supp l y  and r e tu rn o f  e ach c o i l i s  e l ec troni c a l l y mu l t ip l i ed 
by the f l ow and the spe c i f i c  heat c on s t ant and i s  then s ent 
to the DAS to be summed and reco rded . 
P owe r c on sumpt i on i s  me a sured by four s t anda rd uti l i ty 
powe r mete r s . Me a su red s epe rate l y  are the powe r c on sumpti on 
o f  the heat pump c ompre s so r, the a i r  b l ow e r, the c i rcu l at i o n  
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pump s and the tota l  hou s e  powe r .  E ach of the s e  stand a rd 
mete r s  i s  equ i pped w i th opti c a l  s en sor s whi ch c ount the 
r evolutions of the m e t e r's eddy di s c ,  and thi s v a lue i s  sent 
to the DAS whe re i t  i s  conve rted and s tored . 
Gyp sum soi l moi s ture s ensor b loc k s  w e r e  loc ated i n  the 
soi l ne a r  the 5 0% p i pe l ength a r e a, howeve r, the s e  p roved to 
be i n adequ at e  a s  de s c r ibed in the exp e r iment a l  ob s e rvation 
s e c t i on . A l so a f t e r  the exp e r iment had b e gun i t  w a s  
dete rmi ned that a f a r  f i e l d  temper atu r e  m e a surement w a s  
de s i r ab l e . Ten the rmocoup l e s  were bur i ed a t  0 . 3  m e t e r  
i nc rement s at a loc a t i on f a r  removed f rom the pipe f i e l d . 
The soi l moi sutu r e  and the f a r  f i e l d  tempe r a tu r e s  were 
m e a su red manu a l l y  on a week l y  b a s i s .  
D a t a  f rom oth e r  i ns t rument ation, a l though not i n s t a l l ed 
p a rti cu l a r l y  for thi s expe r iment, w a s  avai l ab l e  for the TECH 
hou s e  I and the s i te i n  gene r a l.i nc ludi ng w e a ther and 
i nsol ation data . For a more det a i l ed de s rc i pt i on of the 
i ns t rumentation s e e  I nt e r i m  Report #2 ( 31) . 
P r e l i m i n a ry Ope r a t ion 
P r e l i m i n a r y  ope r ation of the he at pump w a s  i n i t i ated i n  
the summ e r  of 1982 wi th the heat pump ope r a t i ng i n  the 
coo l i ng mode . Many of the s y s tem' s  i n i t i a l  bug s  w e r e  worked 
out dur i ng thi s time whi ch p rovi ded for the smooth w i nte r 
ope r ation . Howeve r dur i ng thi s p e r iod i t  w a s  real i z ed tha t  
the a i r  s i de coi l w a s  not we l l  matched w i th the he at pump 
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spe c i f i c at i ons. Du r i ng s ome ope r a t i ng c ondi t i on s , the he at 
pump w a s  p rone to bu i ld up a high r e f r i gerant p r e s su r e  and 
to f o r c e  a prote c t i ve shutdown . A bett e r  m a tched a i r  c o i l 
w a s  i n st a l l ed February 1 4  1 9 82 ,  - we l l  i nt o  the h e a t i ng 
s e a son . Thi s  r e su l ted i n  a di s c ont i nuous e xpe riment . S in c e  
b o th the he at pump and the a i r s i de c o i l a r e  c on s i de red a s  
one uni t i n  the e xpe r i ment a l  and i n  the ana l yt i c a l  
ob s e rvati o n s , thi s s tudy e s s enti a l l y  de a l s  w i th two 
di f f e rent he a t  pump s , e ach having di ffe rent p e r f o rmance 
char a c t e r i s t i c s . The f i r s t  heat pump s y s tem ope r ated f rom 
Novemb e r  1 - Febru a r y  1 3 , and the s e c ond s y s tem operated 
f rom Febru a r y  1 4  - Ap r i l 3 0 . Thi s i s  i mpo r tant t o  note he re 
and it wi l l  b e  r e f e red to i n  the ob s e rvati on s e c t i on s  when 
app rop r i ate . 
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Chapter IV 
EXPERIMENTAL OBSERVATIONS 
The exp e r i ment ope rated throughout the 1 9 8 2 - 1 9 8 3  w i nt e r  
he ati ng s e a s o n  ( Novemb e r  1 - Apr i l 3 0) .  Dur i ng the s e  2 6  
weeks , the he a t i ng s y s tem p e rfo rmed wi th no m a j o r  
di f fi cu l t i e s  and gene r a ted extens ive amount s o f  data . To 
reduc e the numbe r  o f  data po i nt s  and to enab l e  a manage ab l e  
p r e s entat i on , dai l y  and weekl y ave r a g e s  o f  data a r e  o ften 
used in the f o l l owi ng ob s e rvat i on s  to de s c r i b e  p a r t i cu l a r  
phenomenon .  
S o i l Tempe r atu r e s  
One f a c t o r  i n f luenc i ng the p e r f o rmanc e o f  the 
ground- c oup l e d  heat pump sys tem i s  the the rm a l  re spon s e  o f  
the s o i l t o  he at e x t r ac t i on by the c o i l .  The dai l y  ave r age 
ground temp e r atur e s  fo r di ffe rent ho r i z ont a l  di s tanc e s  f rom 
the bur i ed p i pe spanning the he a t i ng s e a s o n  are shown on 
F i gu r e  4 .  A s  expe c ted, the tempe r atu re f lu c tu a t i ons of the 
s o i l a r e  l e s s  p romi nent as di stanc e f rom the p i pe i nc re a s e s . 
I n  addi t i on the temp e r atur e s  i nc re a s e  wi th i n c r e a s i ng 
d i st anc e from the p i pe . A l s o  o f  i nte r e s t  i s  the ho r i z ontal 
pro f i l e s  f ro� the g round temper ature data . The p ro fi l e s  
shown i n  F i gure 5 rep r e s ent the tempe r atu re p r o f i l e s  f o r  two 
p o i nt s  i n  t i me s e p ar ated by f ive days . Note that m o s t  o f  
the s i gni f i c ant temp e r ature di f f e renc e  f rom the f a r  f i e l d  
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occu r s  wi th i n  the f i r s t  0 . 1 5 met e r s  f rom the p i pe coi l . 
Also note that i n  a relatively short t ime p e r i od ,  when the 
he a t i ng demand i s  low , that the soil temp e r atur e  ne a r  the 
coil r i s e s  relatively r ap i dly to a poi nt clo s e  to the f a r  
f i eld temp e r atu r e . 
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A s  d i s t anc e f rom the influenc e of the ground coil i s  
i nc re a s ed i n  the downwa rd di r e c t i on ,  the pattern di splayed 
by the plot of soil temp e rature .ve r su s  time r e s emble s more 
clo s ely the charac te r i s t i c  s i ne wave p attern de s c r i b i ng f a r  
f i eld e arth temp e r atu re a s  a func tion o f  time of ye a r  and 
depth . The ave rage d a i ly hor i zontal soil tempe r a ture s a r e  
i llu s t r ated i n  F i gure 6 .  The temp e r ature hi s tori e s  wi th i n  
0 . 1 5 me t e r s  o f  the p i p e  a r e  le ft out of thi s F i gu r e  to 
enhanc e clar i ty ,  howeve r ,  they are rep r e s ented in the 
vert i c al temp e r ature profile illu s trated i n  F i gure 7 .  Thi s 
F i gure demon s t r at e s the vert i c al temp e r ature p rofile for the 
s ame two days shown on F i gure 5 .  The p e r i od of hi gh heat 
extrac t i on f rom the soil i s  illu s tr ated by the sudden dive 
i n  temp e r atur e  a t  the poi nt near the loc ation of the p i pe . 
Du r i ng a p e r i od of low heat ext r a c t i on from the only 5 days 
later shows that the soil tempe r ature s have s i gni fi c antly 
re cove red , and the c u rve doe s not di splay a large 
temp e r atu re d i f f e r e nc e ne ar the pipe coil . Also shown on 
thi s F i gu r e , for r e f e renc e ,  are the corre spond i ng f a r  f i eld 
t empe r a tu r e s  me a sured du r i ng the s e a son . 
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F i gu r e  8 shows temp e r ature data c o l l ec ted f rom the 
e a rth at depth s o f  1 . 2 ,  1 . 8 , and 3 . 0  mete r s  w i th i n  the pipe 
f i e l d ,  and 0 . 9 ,  0 . 6 , and 2 . 0  me te r s  away f rom the p i pe 
r e sp e c t i ve l y . A l s o  sup e r i mpo sed on thi s F i gu re a r e  data 
f rom the far f i e ld t emp e r ature s i te rec o rded a t  the s ame 
depth . The r e  i s  good agreement between the f a r  f i e l d  and 
ne a r  f i e l d  tempe r a tu re s ,  and thi s F i gu r e  r e i te rate s that the 
ground he at exchange r ha s l i tt l e  me a s u r ab l e  i nf luenc e on the 
s o i l at the s e  di s t anc e s  f rom the c o i l .  
S ou r c e  Tempe r atu r e s  
F i gure 9 show s  the dai l y  ave r age t empe r ature� f o r  
amb i ent a i r ,  the ' f ar f i e l d ' s o i l tempe r ature a t  a depth o f  
1 . 2  me t e r s  and the i nl e t  b r i ne ente r i ng the he a t  pump f rom 
the ground . Thi s F i gu r e  demons trate s how c o n s i s tent the 
s o i l i s  a s  a heat s o u r c e  when c omp ared to the a i r .  It i s  
s e en that the amb i ent a i r temp e r ature var i e s  f rom - 6  C to 2 0  
C ,  and that the ground vari e s  o n l y  f rom 9 C t o  2 1  C .  Al so , 
when the he a t i ng demand i s  gre ate s t , the a i r  i s  at i t s  
l owe s t  advantage a s  a he at s ourc e . Howeve r ,  the g round 
temp e r ature i s  muc h  mo re s l owly i n f luenc ed by the d a i l y  
we ather p atte rns and s e rve s a s  a more c o n s i s t ant and h i g e r  
temperature sourc e . 
The i n l e t  b r i n e  temp e r ature i s  shown a l so on thi s  
F i gu r e  b e c au s e  i t  h a s  the mo st di rect i nf luenc e on the heat 
pump p e r f o rmanc e . The b r i ne tempe r ature fo l l ow s  the p at t e rn 
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s e t  by the f a r  f i e l d  s o i l temp e r ature , dec r e a s i ng unt i l 
m i d - Febru a r y ,  and then b e g i nn i ng i t s upwa rd trend . Bec au s e  
o f  a n  ove r s i ght , the RTD mea sur i ng i n l et b r i ne temp e r ature 
was l o c ated such that , when the uni t w a s  o f f ,  he a t  from the 
hou s e  wou l d  c ondu c t  i nto the pipe and i n f luenc e the 
temper ature m e a su rement . The r e f o r e , o n l y  rep re s ent ative 
t empe ratu re s ,  whi ch we re r e c o rded a f t e r  the he at pump had 
been ope r a t i ng a s i gni f i c ant pe r i od of the p revi o u s  hour , 
a r e  i l lu s trated . 
S o i l Mo i s tu r e  
I n  May 19 8 2  gyp sum moi s ture sens i ng b l o ck s  w e r e  
i n s t a l l e d  i n  the ground a round the c o i l . I n  the o ry ,  the 
mo i s ture in the gyp sum b l o c k  re ache s equ i l ib r ium wi th any 
surround i ng s o i l and the r e s i stanc e o f  a c u r rent p a s s ed 
through the b l o c k  i s  propo r t i o n a l  to the p e rc ent mo i s ture 
wi th i n  the b l o c k . Thi s i n s t rument , howeve r ,  proved 
i nadequate . Du r i ng Novemb e r  1 9 8 2  the gyp sum b l o c k s  were 
exc avated and e x am i ned . Seve r a l  o f  the b l oc k s  had di s so lved 
and were de c re a s e d  in vo lume up to 3 0% .  Fur the r 
i nve st i ga t i on w i th the manu f ac tu r e r  reve a l ed that the gyp sum 
b l oc k s  had been de s i gned f o r  agr i cu l tu r a l  purpo s e s  fo r u s e  
i n  l e s s  s atur ated s o i l s ,  and had a life exp e c t anc y o f  o n l y  
one growi ng s e a s o n . When the sen s o r s  w e r e  exc avate d ,  the 
s o i l  w a s  re l a t i ve l y  mo i st . Wate r had to b e  removed f rom the 
exc avated are a as i t  d r a i ned c onti nu a l l y  f rom vi s ib l e vo i d s  
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i n  the backf i l l ed soi l . Thi s condi t i on i s  be l i eved to have 
a i ded i n  the dete r i oration of the moi s tu r e  b lock s . 
Expe r i ment a l  The rm a l  Condu c t i vi ty 
B e c au s e  a r e l i ab l e  value for the the rmal condu c t i vi ty 
of the soi l was d i f f i c u l t  to secure , an e xp e r i ment a l  
e x ami nati on of thi s p rop e rty w a s  unde rtaken . B a s e d  on 
tempe r atu re ob s e rvation s , the soi l w i th i n  the f i r s t  0 . 1 0 
mete r s  f rom the p i p e  cou l d  be con s i de red r e l at i ve l y  ne a r  
s t e ady s t a t e  i f  the h e a t  pump h a s  b e e n  ope r a t i ng f o r  a l arge 
f ra c t ion of the p r eviou s  hou r . A p rogram w a s  w r i t ten to 
s c reen the approp r i ate data f rom the ent i re w i nte r .  
A s sum i ng s t e ady s t ate condi tion s , a s yme t r i c temp e r ature 
p rofi l e , and a con s t ant the rma l  condu c t i v i t y  value , the one 
dimen s i on a l  c ondution equation for radi a l  heat f l ow through 
a compo s i te c y l i nd e r  w a s  u sed to c a l c u l at e  the the rma l  
c ondu c t ivi ty o f  the p i pe and soi l s y s tem . The ave rage f lu i d  
temp e rature i n  the pipe and the tempe r ature at 0 . 1 0 me te r s  
f rom the p i pe w e r e  u s ed a s  bounda r y  condi t i on s . U s i ng the 
known the rma l  p rope rti e s  of the pipe the v a l u e  for the soi l 
w a s  then c a l c l at e d . 
F rom 2 42 hour� of data a soi l the rma l  condu c t i v i t y  of 
4 . 1 KJ/C/M/HR was c a l cu l ated . U s i ng one s t and a rd devi ation 
of the data , the p robab l e  r ange of soi l the rma l  conduc tivi ty 
i s  b e tween 3 . 0  and 5 . 6  KJ/C/M/HR . The month l y  ave r a g e s  of 
the soi l the rma l condu c t i v i t y  c a l c u l ated by thi s me thod 
r anged f rom 3 . 1  KJ/C/M/HR i n  December to 5 . 9  KJ/C/M/HR i n  
March , thu s demo n s t r at i ng that the therma l conduc t i v i t y  i s  
not c on s t ant throughout the wi nter . 
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A therma l c o nductivi ty va lue c a l cu l a ted b y  the method 
of Luna rdi ni ( 3 2 ) ,  and u s i ng i nf o rmat i on g athered f rom a 
s o i l tes t  o f  the g round - c oup led s i te p red i c ted a therma l 
c ondu c t i vi ty v a l ue o f  4 . 6  KJ/M/HR f o r  the di s tu rbed s o i l and 
a va lue o f  5 . 9  KJ/M/HR f o r  the undi sturbed s o i l . An ex amp le 
o f  the c a l c u l at i o n  proceedures i s  found i n  Appendi x  A .  The 
therm a l  c onduc t i v i ty p redi c t i on f o r  the di s tu rbed s o i l l ies 
wi thin the va lues c a l c u l ated exper iment a l l y and give s  
c redi b i l i ty t o  the method o f  Lunardi ni . 
u sed a s  i nput va lues f o r  the model ing . 
F reez ing 
These va lue s  were 
P a s t  exper i ment s have noted the o c cu r ance o f  f reez i ng 
a round the ground c o i l and i t s  effect on per fo rmance . The 
mi g r ati on o f  mo i s tu re i n  a p o ru s  medium towards a c o l d  
ob j ec t  enhances the avai l abi l i ty o f  water near the c o i l . 
The l atent heat g a i ned by the freez i ng pro ces s wou l d  
i nc rea se the ef fec t i ve therma l  c onduc t i v i t y  o f  the s o i l . 
F reez ing w a s  n o t  ob served dur i ng thi s  sea s o n . A m o re severe 
wi nter o r  a sho r ter p i pe c o i l length c ou l d  have c au sed 
freez i ng to o c cu r . 
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Heat Pump P e r f o rmanc e 
The month l y  and s e a s o n a l  tot a l s  o f  the three e l ec t r i c  
pow e r  c o n sumi ng c omponents o f  the s y s tem , the he a t  f l ow 
v a l u e s  and the numbe r  of degree day s are pre s ented in T ab l e  
1 .  The ground-c oup l ed heat pump w a s  c ap ab l e  o f  providing 
he at to the c ondi t i oned spa c e  throughout the he a t i ng s e a son 
wi thout the need for aux i l i ary e l e c t r i c  r e s i s t an c e  h e a t . 
The p e r f o rmanc e f ac t o r  i s  de f i ned a s  the t o t a l  u s e fu l  he at 
p r ov i ded to the c ondi ti oned spac e d i v i ded by the t o t a l  
·purch a s ed powe r requ i red to de l iv e r  that he a t . The h e a t i ng 
p e r f o rmanc e f ac t o r  i s  then c a l cu l ated a s  the sum o f  the 
pu rch a s ed e l e c t r i c  powe r and the ground c o i l he at f l ow 
divi ded by the purcha s ed e l e c t ri c powe r for the ent i re 
s e a so n . Thi s va lue i s  a l s o i nc luded on T ab l e  1 .  Note that 
b e c au s e  of the l a rge r i n s i de a i r  c o i l i n s t a l l ed i n  
m i d-Febru a ry , the p e r f o rmanc e f a c t o r  h a s  a n  i rr e gu l ar 
i n c r e a s e  at that time . I n  gene r a l , the p e r fo rmanc e f a c t o r  
dec re a s e s  s l o w l y  a s  the s e a s o n  progre s s e s  and the g round 
temp e r atu re e xp e r i enc e s  i t s  s e a so n a l  dec l i ne . Then i n  
February , whe n  the ground temp e rature b e g i n s  t o  i nc re a s e , 
the p e r fo rmanc e i mp rove s a s  s e e n  i n  F i gu r e  1 0 . 
Tab l e  1 .  Experimental Re sul ts F o r  The Heat Pump 
Total  System Ai r Ground Degree 
Month Power Co i l  Coi l SPF Days F 
( KWH) ( KWH) ( KWH) 
Nov 82 5 45 1 0 5 4  1 00 5  2 . 8 4 457 
Dec 82  8 4 3  1 8 7 1 1 3 5 0  2 . 60 5 8 1  
Jan 83  1 3 3 7  2 3 89 1 8 5 6  2 . 3 9 8 45 
Feb 83  9 5 3  1 8 0 6  1 3 60 2 . 43 6 6 1  
Mar 83 4 6 7  1 0 3 9  82 1 2 . 7 6 3 9 0  
Apr 83  462 1 0 7 2 8 6 1  2 . 8 6 3 9 0  
Total 4 6 0 6  9 2 3 3  7 2 5 3  2 . 5 7 3 3 2 4  
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CHAPTER V 
ANALY I T I CAL METHODS 
S eve r a l  i tems mu st b e  c on s ide red in o rder to p e r f o rm an 
ana l yiti c a l study of the ground- c oup l ed h e at pump as the re 
are many f acto r s  whi ch i nf luenc e the s ystem p e r fo rmanc e . 
The h e at pump p e r f o rmanc e curve mu st b e  determi ned ,  the s o i l 
p roperti e s ,  i nc lud i ng a c onstant l y  varying temp e r atu r e , must 
b e  dete rm i ned , the l o ad to the he at pump mu st b e  obta i ned 
and f i na l l y  a mode l whi ch c an c o nnect a l l  o f  the s e  f acto r s  
mu st b e  app l i ed t o  the s ystem befo re a n  ana l y s i s c an b e  
made . Onc e a s s emb l e d ,  the mode l c an b e  va l i dated , and 
f i na l l y ,  p a r ametr i c  studi e s  c an be p e r f o rmed to predi ct the 
r e su lt s  o f  change s i n  the expe r i menta l s y stem . 
Heat Pump P e r fo rmanc e Curve 
B e c au s e  the mode l i ng of the he at pump i t s e l f  i s  not the 
obj e ct i ve o f  thi s  study , and s i nc e no suitab l e  p e r f o rmance 
curve i s  avai l ab l e  for the h e at pump uni t ,  a dete rmi n at i on 
o f  the h e at pump p e r f o rmanc e unde r ope rat i ng c ondi t i o n s  w a s  
extracted f rom the r e c o rded expe r i menta l data . E xten s i ve 
data w a s  c o l l ected throughout the he ating s e a s on whi ch 
tota l e d  4 3 6 8  hour s ;  a _ summary o f  thi s data i s  found i n  
Append i x  B .  I n  o rd e r  to de s c r ibe the p e r f o rmanc e o f  the 
he at pump , the data f o r  e ach hour w a s  i n spected to i n su re 
that b a s i c  requ i rements were met b e fo re the s e  data we re to 
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b e  i nc luded i n  the p e r f o rmanc e ana l ys i s .  The f i r s t  
requ i rement w a s  that the a i r  temp e r ature movi ng ac ro s s  the 
a i r  s i de c o i l shou l d  be c o n st ant , howeve r thi s w a s  found to 
be too r e s t r i c ti ve . Re l ax i ng thi s r e s t r i c t i on t o  i nc lude a 
sma l l  r ange o f  temp e r atu r e  about the m e an a i r  t empe r a tu r e , 
a l l owed suf fi c i ent data to b e  s e l ec ted . The i n s ide a i r  
temp e r ature w a s  re l at ive l y  c on s t ant throughout the s e a s o n  
and ave r aged at 2 1 . 0  C .  U s i ng a r ange o f  a i r t emper atur e s  
f rom 2 0 . 2 5 C to 2 1 . 7 5 C provi ded suff i c i ent data f o r  the 
ana l y s i s .  The o the r m a j o r  requ i r ement f o r  s e l e c t i on w a s  
ope r a t i ng t i m e . The s y s tem shou l d  b e  ope r a t i ng a suf fi c i ent 
l ength o f  ti me so that l arge transi ent e f fe c t s  wou l d  not b e  
i n c o rp o r at e d  i nto the p e r f o rmanc e curve . I n  add i t i o n ,  an 
ove r s i ght in the s e n s o r l o c ati o n s  a l l owed heat f rom the 
hou s e  to c o nduc t  i nto the ground c o i l  whe re s en s o r s  
me a su r i ng i n l et and out l e t  b r i ne tempe r a tu r e s  were l o c ated , 
thu s s i gn i f i c ant l y  e l evat i ng the r e c o rded temp e r atur e s  when 
the s y s tem w a s  i nope r a t i ve . Enfo rc i ng a m i n i mum runti m e  
c ri te r i a nec e s s a r y  to c on s i de r  thi s  data a s  v a l i d  redu c ed 
the e rr o r  obt a i ned by thi s  ove r s i ght . 
B e c a u s e  two di f f e rent i n s i de a i r  c o i l s  w e r e  i n  u s e  
dur i ng the s tudy p e r i od , di ffe rent c ri te r i a  w e r e  needed f o r  
e ach o f  the r e s u l t i ng sy stem s . Re s t r i c t i ng the i n l e t  b r i ne 
temp e r ature data a s  v a l i d  only f o r  runt i m e s whi ch were i n  
e xc e s s  o f  7 5 %  f o r  the Novemb e r  - Febru a ry 1 3  s y s tem w a s  
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found to ye i ld suff i c i ent data f o r  the p e r f o rm anc e c u rve . 
Howeve r ,  the r e s t r i c t i on o f  the February 1 4  - Ap r i l s y s tem 
had to be re l axed to i nc lude data fo r a l l  hour s  whi ch had a 
runti me i n  exc e s s  o f  5 0% .  
I n  o rde r t o  de s c r i be the heat pump p e r fo rm anc e ,  the 
h e a t  t aken f rom the ground , the heat de l i v e r ed to the spac e ,  
and the work ent e r i ng the heat pump w e r e  c ompared w i th the 
f l u i d  temp e r ature ent e r i ng the he at pump f o r  e ach o f  the 
hou r s  that s a t i s f i ed the s e l e c t i on c ri te r i a .  A l i n e a r  f i t  
w a s  a s sumed and a l e a s t  squ a r e s  f i t w a s  p e r f o rmed on the 
data . F o r  i l l u s t r a t i on thi s data i s  shown a s  a p e r fo rmanc e 
f a c to r  i n  F i gu r e  1 1  · a l ong wi th repre sentative data p o i nt s . 
Thi s  he at pump p e r f o rmanc e curve i s  u s ed wi th the 
ana l y i ti c a l  mode l to de s c r ib e  the he at pump . 
S o i l P r ope rti e s  
The s o i l p rope rti e s  o f  ana l yt i c a l  inte r e s t  i nc luded 
tempe ratu r e , he at c apac i ty and the the rmal c onduc tivi ty o f  
the s o i l .  A geo l o gi c a l  ana l ys i s  o f  the s i te w a s  p e r f o rmed 
at two l oc at i o n s  in the f i e l d . One s amp l e  rep r e s ent i ng the 
di stu rbed s o i l  w a s  t aken from the t rench c ontai n i ng the 
ground c o i l .  The s e c ond s amp l e  repre s en t i ng the undi s turbed 
s o i l was t aken f rom wi thin the c o i l f i e ld but out s i de the 
t rench . The rma l  c o nduc tivi ty i n  parti cu l a r i s  a func t i on o f  
dens i ty and mo i s tu r e  c ontent o f  the s o i l ,  and the s e  
p rope rt i e s  o f  the d i s tu rbed and undi stu rb e d  s o i l s  are qu i te 
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di ffe rent . Tab l e  2 c omp a r e s  the s o i l properti e s  f o r  the 
di stu rb e d  and undi s tu rbed s o i l s .  A l though the vo lume o f  the 
t rench i s  sma l l  c omp a red to the vo lume o f  the ent i re f i e l d ,  
i t  w a s  a c onc e rn that thi s di f f e renc e m i ght b e  s i gni f i c ant 
be c au s e  b y  nec e s s i ty ,  the pipe c o i l l i e s  a lw a y s  w i th i n  
di s tu rb e d  s o i l .  A s suming that the s o i l w a s  n e a r  s aturati on 
throughout the winte r s e a son , and u s i ng the g e o l o g i c a l  
ana l y s i s the va lue s f o r  c ondu c t i vi ty and h e a t  c ap ac i ty were 
det e rmi ned b y  the method de s c ribed by Lunardini ( 3 2 ) . 
T ab l e  2 .  Tech S i te S o i l P rope rti e s  
D i s tu rb e d  Undi s tu rbed 
S o i l Type S o i l S o i l 
Natu r a l  Mo i s ture 2 4% 1 7% 
Wet · De n s i ty gjc c  1 . 5 7 2 . 00 
The rma l Condu c t i vi ty 4 . 6 0 5 . 8 6 
At S atur a t i o n  KJ/M/ C/HR 
Vo lume t r i c  H e a t  Capac i ty 2 9 3 0  2 6 7 3  
KJ/M* 3 /  C 
The s o i l temp e r ature i s  ano the r i mp o r t ant p roperty 
a f f e c t i ng the heat transfe r . The re w a s  no c ont i nuous 
moni t o r i ng of the s o i l temper ature out s i de the pipe f i e l d ,  
the re fo r e , a mode l d e s c r i b i ng the f a r  f i e l d  tempe r atu re was 
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requ i red . The e a rth temp e r ature o sc i l l at i on n e a r  the 
sur f a c e  h a s  b e e n  di s c u s s e d  by C a r s l aw and J a e g e r  ( 3 3 ) , and 
an equati on de s c r i b i ng the tempe r ature fo l l ow s : 
T ( x ) = AET - BO · TI DP e X ( 2TI 8 c o s  -p - X - PO) ( 5 - 1 )  
T ( x )  
8 
p 
AET 
D 
Whe re : 
the month l y  ave r age e ar th temp e r ature at depth x 
the t i me c o o rdi nate i n  hou r s  b e g i nn i ng J anuary 1 
the pe r i od o f  the temp e r atu r e  c yc l e  = 8 7 6 6  hou r s  
the annu a l  ave rage e a rth tempe r atu re 
the s o i l the rma l  di ffu s ivi ty 
BO the e a rth temper ature amp l i tude at the surface 
PO the sur f a c e  temper ature pha s e  ang l e  ( radi an s ) 
Ku suda h a s  app l i ed thi s equati on u s i ng ava i l ab l e  data 
on e a rth tempe r atu re wi th a di scu s s i on of i t s  app l i c abi l i ty 
and i t s  u s e  a s  a p redi c tive t o o l  ( 3 4 ) . He repo rt s that i n  
mo s t  c a s e s  the l ong t e rm ave rage amb i ent a i r temp e r ature 
va lue s are c l o s e  to the ave r age temperatu r e s  of the s o i l .  
I ni t i a l l y ,  l o ng t e rm me an ambi ent a i r v a l u e s we re app l i ed to 
the e arth temp e r ature mode l , howeve r ,  a p o o r  match was found 
between the mode l and the l imi ted f a r  f i e l d  e a rth 
tempe ratu r e  d a t a  that had been c o l l ec t ed f o r  that s e a s o n . 
Value s f o r  the annu a l  ave rage e arth temp e r ature and the 
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earth surface temperature amp l itude were adj u sted to force a 
better f i t  between the observed earth temper atures and the 
mode l . F i gu re 1 2  i l lu strate s the good c o r rel ation between 
the earth temper ature mode l  and the actu a l  data . The values 
u sed for the annua l  average earth temper ature was 15 C ,  for 
the earth temper ature amp l i tude was 10 C ,  for the surface 
temperature phase angle was 0 . 3 ,  and for the s o i l  therma l  
di ffu s ivity w a s  1 . 9  x 1 0 - 3  M * 2 /hou r . Devi ati on between the 
p redi cted and the experimental values a re due to several 
facto r s  i nc luding i rregu l a r  f luctuati ons of weather 
inf luenc e , non-homogeneity of s o i l ,  and varyi ng topo l o gy and 
s o i l properti es . I t  i s  noted by Ku suda that many facto r s  
are i nvolved whi ch do not a l l ow exact p redi cti on o f  the 
earth temper ature . The earth temperatu re predi ctions are 
stati sti c a l  i n  nature and s ome devi ati on f rom the mean i s  to 
be expected . The u se of thi s  method f o r  the far f i e l d  
predi cti on i s  j u sti fied by the l ack o f  c ontinuous far f i e l d  
data and the anal yiti c a l  go a l  whi ch i s  t o  test the 
predi ctive abi l ity o f  the model . 
TRNSYS 
Few s i mp l e  methods are presently avai l able for the 
ana l ys i s  o f  c omp l i c ated energy system s . An avai l able and 
wide l y  u sed c omputer s imu l ation model o f  energy s ystems i s  
the Tran s i ent S i mu l ati on P rogram ( TRNSYS) , whi ch was 
deve l oped by Klein et a l . at the Uni ve r s i ty o f  Wi sconsin 
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TRNSYS de f i ne s  a n  energy s y s tem a s  a s e t  o f  
i ndependent b u t  i nterc onne cted c omponent s ,  and s i mu l ate s the 
performanc e o f  e ach phy s i c a l  c omponent o f  the s y s tem by 
mode l i ng e ach i n  a d e t a i l ed Fortran subrouti ne . The s e  
subrouti ne s  emp l o y  a qu a s i - s te ady state approximati on for 
tho s e  c omponent s wi th negl i gi b l e  therma l  s torage, and one 
dimens i on a l  tran s i ent c onduc t i o n  mode l s  for therm a l  s torage 
devi c e s  at spec i fi ed time step s . U s i ng s i mp l e  
i nterc onne c t i on o f  the s y s tem component s a l ong w i th the 
i nput data, the pro gram s o lve s s y s tems o f  d i f f erent i a l  and 
a l gebrai c  equ a t i ons whi ch repre sent the energy s y s tem . Thi s 
modu l ar s imu l at i o n  te chni que enab l e s  an exp erimenter to 
c on s truc t  a mode l o f  a p art i c u l ar s y stem to b e  stud i ed b y  
reduc i ng a l arge prob l em i nto a number o f  sma l l er prob l em s . 
A l though TRNSYS i t s e l f  do � s  not have a subrout i ne whi ch 
mode l s  ground c oup l i ng, an addi ti onal mode l prov i de s thi s 
func t i on . 
GROCS 
Three c omput er pro grams supp l i ed by Batte l l e Co lumbu s 
L aborator i e s  were c on s i dered for the mode l i ng o f  the ground 
c oup l ing ( 3 7 ) . A l l  o f  the pro grams are b a s ed on c on s t ant 
therm a l  propert i e s  for the s o i l  and neg l e c t  fre e z i ng e ff e c t s  
and moi s ture mi gr at i on . On l y  the pro gram, Ground Coulped 
S y s tems ( GROCS), demon s trated experiment a l  va l i dati on i n  the 
l i terature ( 3 9 , 40) . One ver s i on o f  GROCS avai l ab l e  w a s  
i mme adi a t e l y  c ompa t i b l e  wi th TRNSYS ,  and thi s w a s  s e l e c ted 
for use in thi s s tudy . 
GROCS i s  a TRNSYS c ompati b l e  mode l o f  ground coup l i ng 
deve l oped by the s o l a r techno l o gy group a t  B r o okhaven 
N a t i ona l Labo r a t o r y  ( 3 8) . Thi s p r o g r am s o lve s f i ni t e  
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di f fe renc e equ at i on s  whi ch rep r e s ent the h e a t  f l ow i n  the 
e arth i n  the v i c i ni ty o f  a heat sourc e . GROCS c an b e  
c oup l ed t o  TRNSYS a s  a n  addi t i on a l  sub routi ne and i s  reputed 
to be u s e fu l  in s i mu l ating any type o f  c l o s ed l oop 
ground-c oup l ed heat exchang e r  or s t o rage devi c e  havi ng the 
c on f i gu r at i on o f  a bu r i ed t ank , mu l t i p l e  sha l l ow we l l s , a 
s i n g l e  deep we l l  o r  sha l l ow ho ri z o nt a l  c o i l s . 
GROCS s o lve s the f i ni te di fference equ a t i ons o f  h e a t  
f l ow ove r a s y s tem o f  " b l oc k s " o f  e a rth . E ach b l o c k  i s  a 
v o l ume o f  e a rth who s e  s i z e  and shape a r e  d e t e rmi ned by the 
t ype o f  mode l i ng b e i ng done . The b l o c k  c onfi gurati on 
sugge sted b y  F i she r ( 4) w a s  adapted and u s ed i n  the i ni t i a l  
ana l y s i s  o f  the bur i ed c o i l ,  and i n  add i t i o n ,  two o the r 
ground c on f i gu r ati ons were i nve s t i gated . D i a grams o f  the s e  
b l o c k  c onfi gu r ati o n s  a r e  s e en i n  Append i x  C .  
GROC S u s e s  two ki nds o f  b l oc k s  c a l l e d  " r i gged b l o c k s " 
and " f ree b l o c k s . "  The r i gged b l o c k s  surround the free 
b l o c k s  and p rovide the nec e s s a ry spat i a l  b oundary 
c ondi t i on s . The t empe rature s o f  the ri gged b l oc k s  are 
d e t e rmi ned a t  e ach ti me s tep u s i ng p r ed i c ti o n s  d e r i ved f rom 
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the Ku suda mode l for ave rage ground temp e r atu re s for e ach 
month of the y e a r  at a numbe r  of di f f e rent depths spann i ng 
the por t i on o f  ground to be s i mu l ated . The f re e  b loc k s  make 
up the bu l k  o f  the sy stem of e ar th b locks and s u r round the 
ground coup l i ng devi c e . At e ach t i me s tep , the f re e  b lock s  
have the i r  temp e r atur e s  dete rmi ned by the i r  the rma l  
i nt e r a c t i on wi th e ach othe r ,  wi th the r i gged b loc k s  and wi th 
any heat i nput s  p l a c ed i n  them whi ch s i mu l at e  the e ff e c t  of 
a he a t i n g  s y s tem load . 
The s imu l at i on of a s e rpent i ne a r r a y  of bur i ed p ipe 
pre s ent s a spec i a l p rob l em for the GROCS p rogram . Thi s  
p rob l em r e su l t s  b e c au s e  the typi c a l  p i pe di ame t e r  i s  sma l l  
enough to requ i re very sma l l  b loc k s i z e s, and 
s t r a i ghtforw a rd mode l i ng of the pipe wou l d  requ i re 
i nordinate amount s of time . For thi s r e a son the p i pe f i e ld 
i s  mode l ed a s  a thi n  she et of wate r f lowi ng i n  the p l ane of 
the p i p e  f i e ld as di s cu s s ed by Andrews ( 3 8 ) . 
The heat f low f rom a she et wi l l  not b e  the s ame a s  that 
f rom a s e t  of p i pe s . A di rect app l i c at i on of the f lowi ng 
she e t  app rox i m a t i on doe s not take i nto a c c ount the radius of 
the p i p e s or the di s tance between them . Howeve r ,  i t  i s  
po s s i b l e  to t ake the s e  f a c tors i nto account by redu c i ng the 
e ff e c t i ve he at t r an s f e r  a r e a  between the a s sumed p l ane she et 
of wate r and the adj ac ent free b lock s  of e a r th, thu s maki ng 
the e f f e c t i ve heat transfer a r e a  of the b lock l e s s  than the 
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a c tua l geome t ri c a l  sur f a c e  a r e a ( 3 8 ) . A c ro s s  s e c t i o n  o f  
the " f l ow i ng she e t "  geometry i s  shown i n  F i gure 1 3 . The 
app ro ach to maki ng the c o r r e c t i on f o r  the d i f f e renc e b e tween 
a f l ow i ng she e t  and an a r r iy of pipe s i s  to c o n s i d e r  the 
the rma l  r e s i s tanc e o f  a h a l f - b l o c k  o f  e ar th wi th a c on s t ant 
tempe r ature boundary on one s i de and a p l an a r  a r r ay of pipe s 
on the o the r .  Thi s  r e s i s tanc e i s  c omp ared wi th that f o r  the 
s ame ha l f - b l o c k  o f  e a rth w i th the s ame c on s t ant temp e ra ture 
boundary , but now wi th the she et of f lu i d  on the o the r s i de 
i n  p l a c e  o f  the p ipe array . I n  gene r a l , the re s i s t ance i n  
the c a s e  o f  the p l ane shee t  i s  the l e s s e r  o f  the two . To 
c o rr e c t  for thi s di ffe renc e ,  the heat trans f e r  a r e a  f rom the 
she e t  to the adj ac ent b l ock i s  reduc ed by a f ac t o r  equ a l  to 
the rat i o  o f  the s e  r e s i st anc e s , so that the r e s i s t anc e f o r  
the f l owing she et c a s e, wi th the reduc ed he at t r an s f e r  a r e a  
i s  the s ame f o r  the a c tu a l  p i p e  a r r ay . 
F o r  p i pe s embedded i n  a s l ab o f  e a rth equi di st ant from 
the two p l ane b ound ar i e s  both at the s ame temp e r ature s ,  a s  
i l lustrated i n  F i gure 1 4 ,  the the rma l  r e s i s t anc e fo r a 
s i ng l e  pipe i n  one di re c t i on i s  g i ven by : 
( 5 - 2 ) 
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Thi s re s i s t ance i s  c omp ared wi th that o f  a r e c t angu l a r  s l ab 
o f  the s ame thi c kne s s  ( h ) , a r e a  ( SL) , and c onduc t ivi ty ( k) :  
R s lab 
= 
h ( 5 - 3 ) 
s Lk 
The f a c t o r  n b y  whi ch the he a t  trans fe r a re a  b e tween 
the p l ane she e t  of f l u i d  and the adj aec ent b l oc k s  mu st b e  
reduc ed i s  then equ a l  to equ a t i o n  ( 5 - 2 ) d i v i ded by equ a t i o n  
( 5 - 3 ) .  
Trh 1 
n = s ln [� s i nh n5h J rr R  
( 5 - 4) 
Thi s f a c t o r  i s  mu l t i p l i ed wi th the a r e a  o f  the adj ac ent 
b l o c k  whi ch i nte r f a c e s  the pipe c o i l s ,  maki ng the e f f e c t i ve 
a r e a  sma l l e r  than the a c tu a l  b l o c k  a r e a , and thu s c o r r e c t i ng 
f o r  the f l owing she e t  approximat i on . 
Conc ern f o r  the va l i d i ty o f  the f l ow i ng shee t  
app roximat i on and that the geometry o f  the adj ac ent b l ocks 
c ou l d  p l a y a s i gni f i c ant role  i n  the predi c t i ve abi l i ty of  
the mode l prompted an i nve s t i gati on c onc e rni ng the b l o c k  
c on f i gu r a t i o n  de s i gn .  
I n  o rder to gua r antee c onve rgenc e ,  i t  c an b e  r i go r ou s l y  
shown that fo r the heat f l ow f i ni te di f fe renc e equ a t i o n s  on 
an even l y  spaced me sh i n  one- dimen s i on the c on s t r a i nt 
1 
< 2 ( 5 - 5 )  
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i s  requ i red . I t  ha s been found s ati s f a c t o r y  fo r GROCS to 
u s e  the sma l l e s t  b l o c k  wi dth in the above equa t i on to 
s a t i s f y  the c o nve rgence c r i te r i a .  U s i ng one hour i nput 
i nt e rv a l s ,  the the rma l  c onduc t i v i ty va lue k=4 . 60 KJ/M/C/Hr 
and Cp=2 9 3 0  KJ/M* 3 /C the minimum b l oc k  wi dth mu s t  exceed 5 . 6  
c entimete r s . The f l ow i ng shee t  appro x i ma t i on i mp o s e s  
anothe r r e s r i c t i on on the b l o c k  wi dth . Thi s  app r o x i mati on 
a s sume s a c on s t ant temp e r atu re at the boundary of the 
adj a c ent b l o c k . A s  the wi dth o f  the adj a c ent b l oc k  i s  
dec re a s ed ,  thi s a s sumpti on b e c ome s l e s s  l i ke l y . The f o rmu l a  
f o r  the c o r re c t i on f a c to r  i n  equati on ( 5 - 5) ,  sugge s t s  thi s 
b y  appro a ching i nf i ni ty a s  the adj a c ent b l o c k  thi c kne s s  ( h) 
app r o ache s the r adi u s  of the p ipe c o i l  ( R) .  No c r i te r i a i s  
spe c i fi ed to a i d  i n  the s e l e c t i on o f  an adj ac ent b l o c k  
wi dth , howeve r ,  a p l o t  o f  the equ at i on show s that i t  behave s 
n i c e l y when h/R > 5 ,  for the p i pe spac i ng and p i pe r adiu s  
p revi ou s l y  spec i fi ed .  Comp a r i ng the predi c ted p e r f o rmance 
of the mode l u s i ng the r ange 2 < h/R < 1 4  showed that the 
r e su l t s  a r e  s t ab l e  when h/R > 3 .  S i nc e  the p i pe ' s out e r  
r a d i u s  w a s  2 . 1 3 c entimete r s  thi s  imp l i e s  that h mu s t  b e  
g r e a t e r  than 6 . 4  c e ntimete r s . Thi s i s  m o r e  r e s t r i c t i ve than 
the gua r anteed c o nve rgenc e c r i te r i on and thi s l im i t  w a s  
adhered to i n  the ana l ys i s . 
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TRNSYS Component A l terati ons 
A s i mp le a r r angement fo r TRNSYS and GROCS w a s  
i nc o rpo r ated f o r  the ana l ys i s .  The modeli ng w a s  a r ranged 
such that o n l y  the hea t  pump and the gro�nd wi th the c o i l  
were s i mu l ated by the model . TRNSYS h a s  a much l ar ger 
c ap a c i ty than thi s ,  however , i t  was i ntented to exp l o re the 
ground and ground c o i l a s  di rec t l y  a s  po s s i b l e  wi th the 
avai l able mode l- ,  and not to model the ent i re hou se and 
heating s y s tem . The heating l o ad u sed t o  d r i ve the 
ana l y i t i c a l  eva l u a t i on o f  the heat pump i s  the a c tu a l  
exper i ment a l  l o ad mea su red and del i vered to the hou se each 
hour by the a i r  s i de c o i l . U s i ng the expe r i ment a l  hou r l y  
l o ad, the v a l i d a t i o n  p r ocedu re i s  much m o re d i rec t than 
generating a l o ad by o ther mean s . 
The TRNSYS sub rout i ne des i gned to model the heat pump 
w a s  not readi l y  adapted to the exper i ment . The heat pump 
model w a s  set up to operate from severa l sources i nc luding a 
water s t o rage t ank whi ch sto red heat from a s o l a r c o l lecto r . 
W i th l i tt le d i f f i c u l ty the model ac cepted the f lu i d  f rom the 
g round c o i l i nto i t s  s t o r a ge tank and thu s u sed the ground 
c i rcu l at i o n  f l u i d  a s  i t s heat supp l y . The heat pump model 
i s  not u sua l l y  u sed w i th such l i ttle supp o rt f rom o ther 
TRNSYS sub rou t i ne s . I n  mo re c omp l ex a r rangement s  the heat 
pump model wou l d  have depended on a mu l ti s t age thermo s t at 
model to regu l a te i t s  oper a t i on . The hou se mode l  wou ld then 
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s t o r e  he a t  ene rgy b y  r a i s i ng o r  l ow e r i ng i t s  tempe ratu r e  
dependi ng on whe th e r  the h e a t  pump h a d  met i t s  l o ad dem and . 
The a r rangement o f  TRNSYS and GROCS c ou l d  not b e  e a s i l y  
modi f i ed to i nc o rpo r ate s t o r i ng the b a l ance o f  the he a t  
l o ad ,  and the r f o r e  a n  a l t e rnative h a d  to b e  p rovi ded . I f  
the expe r i ment a l  l o ad i nput w a s  g r e a t e r  than the ana l yti c a l  
he at pump c ou ld p rovi de a t  i t s mode l ed i n l e t  temp e r atu r e , 
then the addi t i o n a l  l o ad w a s  c a r r i e d  ove r to the next time 
i nc rement . Thi s c ou l d  be c a r r i ed on i nde f i ni te l y  unti l a l l  
o f  the l o ad i s  provi ded f o r . Thi s a r r angement i n su red that 
the p a r ame tr i c  s tudi e s  wou ld p rovi de an ana l y s i s  b a s e d  oh 
the s ame to t a l  l o ad .  
An addi t i o na l  a l te ra t i o n  i n  the heat pump subrout i ne 
w a s  needed to a c c ount f o r  the di f fe renc e i n  the h e a t  pump 
p e r f o rmanc e wi th the i n s t a l l at i o n  o f  the new a i r  s i de c o i l 
i n  mi d- Febru a ry . A timer w a s  added to the he at pump 
sub rout i ne whi ch c au s ed the mode l to u s e  di f f e rent heat pump 
p e r f o rmance data at the appropr i ate time . The a l te r ati o n s  
to TRNSYS a r e  di s cu s s e d  i n  furthe r detai l i n  Append i x  D .  
One c ri t i c i sm o f  the GROC S mode l ha s been the 
a s sumpti on o f  a uni f o rm the rmal c o nduc tivi ty f o r  the enti re 
c o i l f i e l d  whi ch do e s  not v a ry wi th t i me . Thi s  a s sumpti on 
i s  known to b e  i nc o r r e c t  e spec i a l l y  thr oughout the summer 
month s . To p a r t i a l l y  remedy thi s s i tuati on an opt i o n  w a s  
c re ated i n  the programi ng to a l l ow di ffe r ent the rm a l  
c ondu c t i v i t y  t o  b e  i nput f o r  e ach b l oc k . The adj a c ent b l o c k  
w a s  a s s i gned a the rma l  c ondu c t ivi ty whi ch w a s  a vo lume t r i c  
ave r age o f  the the rma l c o nductivi ty o f  the di s tu rbed and 
undi s tu rb e d  s o i l s  b a s ed on the vo lum e s  o f  the a c tu a l  c o i l 
t rench and the vo lume o f  the adj ac ent b l o c k s . The the rmal 
c onduc t i v i ty determ i ned f o r  the undi s tu rb e d  s o i l was u s ed 
f o r  the f r e e  b l o c k s . 
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In the TRNSY S - GROCS c onfi gurati o n ,  a l geb r a i c  equ a t i ons 
a r e  s o lved b y  i te r ative methods sub j e c t  to u s e r  spec i f i ed 
a c c u r a c y  c ri te r i a ,  and di ffe renti a l  equ a t i o n s  a r e  s o lved by 
a f i r s t - o rder p redi c t o r - c o r r e c t o r  method . A s i mp l i fi ed 
b l o c k  di a g r am o f  the program i s  shown i n  F i gu r e  1 5 . 
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CHAPTER V I  
ANALYT I CAL OBSERVAT I ONS 
Obj e c ti ve s  
The ob j ec tive i n  the ana l yti c a l i nve s t i ga t i o n  w a s  
two - fo l d . The f i r s t  obj ec tive w a s  to v a l idate the mode l by 
e x ami n i ng i t s  f o r e c a s t i ng abi l i ty .  V a l i da t i o n  s tud i e s  o f  
GROCS have been pe r fo rmed f o r  bu r i ed t anks and s e rpent i ne 
c o i l s  u s i ng w e e k l y  ave rage he at t r an s f e r  i nput data ( 3 9 , 40) . 
L i mi ted m a te r i a l  i s  avai l ab l e  rega rdi ng the v a l i da t i o n  o f  
GROCS when ut i l i z i ng a t r a n s i ent i nput . The s e c ond 
obj e c t i ve w a s  t o  e x ami ne parti cu l a r  p a r ame t e r s  to s e e  how 
the y  i n f luenc e the p redi c t ab i l i ty o f  the mode l . Thi s 
e x ami nati on demonst rate s the s en s i t i v i t y  o f  the mod e l  to 
p a rt i cu l a r  vari ab l e s  and i ndi c at e s  whi ch i nput p a r ame te r s  
a r e  mo st c r i t i c a l . 
V a l i da t i o n  
A mode l c an b e  va l i dated i f  i t  i s  found to be a 
predi c t i ve to o l . M any o f  the p a r amete r s  to be u s ed i n  the 
GROCS mode l c annot be uni que l y  determi ned wi th a high degr e e  
o f  c on f i denc e , and thi s po s s i b l y  l im i t s  the re l i ab i l i ty o f  
the mode l . S ome o f  the p arame te r s  o f  the mode l change wi th 
the i r  envi ronment such a s  the rma l  c o ndu c t i vi ty whi ch chang e s  
wi th the l o c a l  mo i s ture c ontent . Othe r p a r amete r s  show an 
i rregu l a r  p atte rn such as the ground tempe r a ture fo r a 
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spec i fi c  s e a s o n . The appro ach to v a l i dati on i s  to determ i ne 
the s e  p a r amete r s  a s  ac curate l y  a s  po s s i b l e , t o  execute the 
mode l , and to c ompa r e  the predi c t i o n s  o f  the . mode l wi th the 
expe riment a l  data . 
F i gu r e  1 6  c omp a r e s  the ana l yti c a l and the exp e r i ment a l  
v a lue s f o r  he a t  t r an s f e r  f rom the g round t o  the e arth c o i l . 
GROCS a s s ume s an ave rage f lu i d  tempe rature t o  c a l cu l at e  the 
heat f l ow from the c o i l to the ground , and thi s a s sumpti on 
s eems j u s t i f i e d by the good agre ement shown . D evi a t i o n  
between the exp e r i ment a l  and ana l yt i c a l  ground heat t r an s f e r  
v a l u e s  a r e  ob s e rved at ground he a t  t r an s f e r  v a lu e s  above 1 0 0  
KJ/HR . The p redi c t i ons o f  GROC S  have been shown to be 
s ens i t ive to the the rma l  c onduc t i vi ty o f  the s o i l  du r i ng 
l a rge he a t  wi thdr aw l s  u s i ng ave r age he a t  i npu t s  ( 4 1) , and 
the s ame s e em s  to ho l d  when u s i ng t r a n s i ent h e a t  i nput s .  
F i gure 1 7  c omp a r e s  the e xpe riment a l  and ana l yti c a l value s o f  
the work i nvo lved i n  the c ompre s s o r  uni t o f  the heat pump . 
I n  gene r a l  the ana l yti c a l  v a lue s are s l i ght l y  hi ghe r than 
the expe r i ment a l  va lue s ,  howeve r  the c o rre l at i on i s  
o the rwi s e  good . 
Two b l o c k  t emp e r atu re hi s t o ry ' s and the i r  c o r re spondi ng 
expe r i ment a l l y  r e c o rded temp e r ature s a r e  shown on F i gu r e  1 8 . 
The two exp e riment a l  tempe r atu r e s  were r e c o rded at 5 
c entime t e r s  above the p i pe whi ch c o rre sponds to the c enter 
of the upp e r  adj a c ent b l ock and a t  30 c enti me t e r s  be l ow the 
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p i p e  whi ch c o r re sp o nd s  to the c ente r o f  the f r e e  b l o c k  in 
c onta c t  w i th the l ow e r  adj ac ent b l o ck . The s e  two l o c ati ons 
were cho s e n  b e c au s e  the b l oc k s  c ente r s ' c o re sponded to the 
p l ac ement o f  a temp e r ature p robe . The ro o t  mean squ are 
tempe ratu r e  d i ffe renc e  ( Trm s )  for e ach l o c a t i o n  w a s  
c a l cu l ated a s  a m e a sure o f  the a c c u r a c y  o f  the temp e r atu r e  
p redi c t i o n . The T rm s  f o r  the po i nt 5 c entime t e r s  from the 
p i p e  wa� found to be 1 . 9  C ,  and the T rm s  f o r  the p o i nt 3 0  
c entime t e r s  from the pipe w a s  found t o  b e  1 . 4  C .  
B e c au s e  o f  the e r r o r  enc ounte red by the i nappropri ate 
l o c at i o n  of the b r i ne tempe rature s e ns o r ,  i t  i s  d i f f i cu l t  to 
c omp a re the ana l yt i c a l and exp e r i ment a l  b r i ne temp e r ature on 
an ave rage b a s i s .  S imp l e  dai l y  ave rage s o f  the r e c o rded 
tempe rature s are unre a l i s i c a l l y  hi gh due to the c o nduc t i on 
o f  heat f rom the hou s e  i nto the ground c o i l temp e r ature 
s e n s o r .  A d a i l y  ave rage o f  exp e r i ment a l  b r i ne temp e r ature s 
t aken o n l y  dur i ng peri o d s  o f  hi gh runt ime u s e s  very l i mi ted 
data . Furth e rmore , thi s  data repre s e n t s  the l ow e r  s i de o f  
the me an be c au s e  the b r i ne temp e rature wi l l  drop 
c o n s i de r ab l y  dur i ng l a rge runtime s due to the r e l a t i ve l y  l ow 
the rma l  c onduc t i v i t y  o f  the pipe and the adj ac ent s o i l .  The 
ave rage hou r l y  run t ime f o r  the heat pump w a s  found to b e  
3 0% .  A c omp a r i s o n  o f  the ana l yti c a l  and expe riment a l  b r i ne 
temp e r a ture va lue s c o rre spond i ng wi th runti me s f r om 1 5 %  to 
4 5 %  i s  shown on F i gu r e  1 9 . Thi s F i gu r e  i l lu s t r ate s that the 
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F i gure 1 9. B r i n e  Temp e r a ture Pred i c t i o n  
A P R  
(}I 
w 
p redi c ted b r i ne temp e rature agre e s  we l l  w i th the 
exp e r i ment a l  temp e r a ture ne ar the me an runtime . An 
e x am i nat i on of hou r l y  data a l s o demons trated p e r i od s  o f  
exc e l l ent c o r r e l at i on p a rt i c u l a r l y  whe n  the re s e emed to be 
muc h  c yc l i ng . 
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The expe r iment a l  ground - c oup l e d  heat pump d e l ive red 
he at wi th an ove r a l l SPF of 2 . 57 ,  whi l e  the mode l predi c ted 
a p e r f o rmanc e o f  2 . 4 6 .  Thi s i s  a good ag�e ement e spe c i a l l y  
when c on s i d e r a t i o n  i s  made for the que s ti onab l e  a c c u r a c y  o f  
s eve r a l  o f  the i nput p a r ame te r s . The s e  r e su l t s  show that a 
GROCS - TRN SY S  mode l i ng o f  a future p r o sp e c t i ve s tudy c ou l d  be 
a r e l i ab l e  p r edi c t o r  of the p e r f o rmance of a ground - c oup l ed 
heat pump u s i ng a s e rpenti ne c o i l .  
P a ramet r i c  S tudi e s  
The s e n s i t i v i t y  o f  the GROCS mode l i s  reve a l ed by 
i ndepende nt l y  varying i t s  i nput p a r amete r s . The i nput 
p a r ame t e r s  were c a l cu l ated and u s ed in an i ni t i a l  executi o n  
o f  the mode l . The p redi c t i on f o r  the p e r f o rmanc e f a c t o r  w a s  
2 . 46 whi l e  the expe rimenta l p e r f o rman c e  f a c t o r  w a s  2 . 57 .  
S i nc e  much o f  the i nput data f o r  the mode l i ng w a s  derived 
from exp e r i me nt a l  dat a , a good p e r f o rmanc e f o r e c a s t  w a s  
expec ted . The s i mu l at i on w a s  run a g a i n  whi l e  varying the 
i nput p a r ame t e r s  f o r  f a r f i e ld temp e r a tu r e , the rm a l  
c o nduc t ivi t y ,  c o i l l ength , b l o c k  c o nf i gu r a t i o n  and the heat 
pump p e r f o rmanc e re l ati o n . 
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F a r  F i e ld Ground Tempe r a ture s 
The f a r  f i e l d  ground tempe rature i s  a b a s i c  i ndi c at o r  
o f  the e a rth ' s c ap ac i ty a s  a h e a t  sourc e . Howeve r ,  very 
l i tt l e  i n fo rmat i on i s  avai l ab l e  whi c h  de s c ribe s l o c a l  or 
even regi o n a l  g round temp e r a tu r e s . F o r  thi s r e a s o n , mo st 
app l i c at i o n s  of ground c oup l i ng re l y  o n  mode l s  to c a l cu l ate 
the the rma l  boundary c ondi ti ons for ana l ys i s .  The r e  i s  much 
room for j udgement in de a l i ng w i th ground temp e r a ture 
approximati o n s . I t  i s  the r e f o re p rudent to know how 
s e n s i tive an ana l y s i s i s  to a parti cu l a r  ground temp e r ature 
predi c t i on . The ave r age tempe rature and the temp e rature 
amp l i dude p a r amete r s  of the f a r  fi e l d ground temp e r ature 
mode l were v a r i ed , and the s e n s i tivi ty of gro c s  to the s e  
v a r i ati o n s  w a s  i nve s t i gated . 
Fi gu r e  2 0  demon s t r ate s the vari a t i o n  o f  the GROCS 
predi c t i on re l ated to the change in the temp e rature b oundary 
c ondi ti on s . The p e r f o rmanc e o f  the heat pump i s  predi c ted 
to i mprove wi th an i nc r e a s e  in ave rage ground temp e r a tu r e  
a n d  to dec re a s e  w i th an i nc re a s e  i n  the m a gni tude o f  the 
temper atu r e  amp l i tude . The values shown c ove r the r ange o f  
ground temp e rature data repo rted by Ku suda f o r  2 9  ground 
temp e r atu r e  s tati o n s  l o c ated throughout the Uni ted S t ate s . 
Thi s F i gu r e  do e s  not re f l e c t  how thi s hou s e  and he at pump 
s y s tem wou l d  p e r f o rm i n  o ther are a s  o f  the c ountry . The 
l o ad wou l d  a l so change in a r e a s  whe re the amb i ent a i r  
tempe rature i s  di f ferent . 
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F i gure 2 0 . Gro c s  Pred i c t ion w i th Changing The rma l Bound a r i e s  
Ku suda ' s  data show s that the l ong t e rm ave r age e arth 
temp e r ature i s  a c omp l i c ated func t i o n  dependi ng o n  
p a r amet e r s  s u c h  a s  l ati tude , e l evat i o n ,  s l ope and s o i l 
the rma l  p rope r t i e s  to n ame a few . The ave rage e arth 
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temp e r ature i s  found to c o rre l ate s trong l y  wi th the ave rage 
a i r  t emp e r atu r e . The temp e r atu r e  amp l i tude , howeve r h a s  a 
w e ak e r  c o rre l a t i o n  and c are mu st b e  t aken when a s suming that 
the amb i ent a i r  temp e rature v a l u e s  are c l o s e  to the ave rage 
e arth t empe ratu r e  value s a s  i s  o ften done . 
The rma l  Condu c t ivi ty 
The rm a l  c onduc tivi ty o f  the s o i l ,  a l ong w i th i t s  
r e l ated he at c ap ac i ty are the mo st e lu s i ve o f  the GROCS 
i nput p a r amet e r s  to determi ne . The the rma l  c ondu c t i v i t y  o f  
s o i l depend s o n  the type o f  s o i l ,  the den s i ty and the 
mo i s ture c ontent . The dens i ty o f  a s o i l  c an b e  a l tered when 
a s o i l  s amp l e  i s  c o l l e c ted f o r  te s t i ng and it m a y  vary 
throughout the s i te . I n  addi t i o n ,  s o i l m a y  vary wi de l y  i n  
textu r e  i n  a sma l l  a re a ;  and f i na l l y ,  the s o i l  the rma l  
c onduc tivi ty c an change drasti c a l l y  wi th change s i n  the s o i l 
mo i s ture . The s e  f a c t o r s  dec r e a s e  the l i ke l ihood that a 
p a rt i cu l a r  s amp l e  w i l l  repre s ent the the rma l p rope rti e s  o f  
the s o i l f i e l d  f o r  ana l yti c a l  pu rpo s e s ,  and make a 
s e n s i tivi ty ana l y s i s on the rma l  c o nduc tiv i ty o f  upm o s t  
i mp o rtanc e .  
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The the rma l  c ondu c tivi ty and the r e l ated heat c apac i ty 
o f  the s o i l were v a r i e d  and the p r edi cted p e r f o rmanc e o f  the 
s y s tem wa s found . The adj ac ent b l o c k  w a s  a s s i gned s o i l 
p ropert i e s  c a l cu l ated f o r  the di s tu rb e d  s o i l and the 
r em a i n i ng f r e e  b l o c k s  were a s s i gned propert i e s  c a l cu l ated 
f r om the undi s tu rb e d  s o i l .  The the rma l  c o nduc tivi ty i s  
vari ed fo r b o th the adj ac ent b l o c k s  and the f r e e  b l oc k s  
f i r s t  s e p e r at e l y  and then togethe r . The r e su l t s  a r e  shown 
on F i gure 2 1 .  
The v a l u e  o f  the the rma l  c onduc t i v i t y  o f  the adj a c ent 
b l o c k s  and the f r e e  b l oc k s  were c a l cu l ated by the method o f  
Lunardi ni t o  b e  4 . 6 kJ/M - C -hr and 5 . 9  kJjM - C -hr 
re spe c t ive l y .  The f i r s t  s i mu l at i o n s  were made b y  v a r y i ng 
the free b l o c k  the rma l  c o nduc tivi ty value s whi l e  ho ldi ng the 
adj ac ent b l o c k  v a l u e s c on s tant . The p e r f o rmanc e i mp rove s 
a lmo s t  l i ne ar l y  w i th change s i n  the the rm a l  c o nduc tivi ty , 
howeve r ,  the i mp rovement i s  sma l l . The p e r f o rmanc e i mprove s 
by o n l y  0 . 5 7%/uni t k .  The free b l o c k s  were h e l d  c o n s t ant 
and the adj a c e n t  b l o c k s  were vari ed in a s e c ond te s t  whi ch 
showed s i mi l a r  re su l t s . The p e r f o rmanc e i mp r ove s b y  
0 . 6 1 %/uni t k .  The gre at e s t  i nc r e a s e  i n  p e r f o rmanc e o c cu r s  
when the the rma l  c onduc t i v i t y  o f  both the adj ac ent and free 
b l o c k s  a r e  e l evated togethe r .  The p e r f o rmanc e i nc re a s ed by 
1 . 0%/uni t  k when b o th b l oc k s ' the rma l  c onduc t i vi ti e s  were 
i mproved s i mu l t aneou s l y . 
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F i gure 2 1 .  G ro c s  P re d i c t i o n  \·li th Changing S o i l  Therma l Conductivity 
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C o i l  Length 
U l t i mate l y  the mo s t  c r i t i c a l  de s i gn e l ement f o r  the · 
ground- c oup l ed h e a t  pump i s  the ground c o i l l ength . 
I nc re a s e d  c o i l l ength re su l t s  i n  b e t t e r  p e r f o rmanc e 
potenti a l , howeve r ,  the rate o f  i mp rovement d i m i n i she s w i th 
i nc re a s i ng p i p e  l ength . I n  addi t i o n ,  i ne f fi c i enc i e s  due to 
exc e s s i ve c yc l i ng l o s s e s , pump i ng c o s t s  and the added 
exc avat i on exp e n s e  f o r  a l onge r pipe requ i re that the pipe 
l ength n o t  b e  ove r s i z e d . An unde r s i z ed p i p e , howeve r ,  i s  
a l so unde s i re ab l e . An unde r s i z ed p i pe wi l l  h ave gene r a l l y  
p o o r  p e r f o rmanc e and may not b e  ab l e  t o  supp l y  the needed 
he at and the r f o re requ i re a backup he at supp l y . 
Ground c o i l s  o f  d i f fe rent l engths were s i mu l ated by 
c a l cu l a t i ng b l o c k  c o n f i gurations b a sed o n  F i she r ' s  b l o c k  
di agram de s i gn f o r  n i ne p i p e  l engths ( 4 ) . The ave rage 
s e a s o n a l  he at rate p e r  meter c o i l l ength v e r s u s  p e r fo rmance 
c u rve i s  shown on F i gure 2 2 . Thi s F i gu r e  demon s t rate s the 
d i m i n i shi ng retu r n  e ff e c t  on performanc e wi th r e sp e c t  to the 
p i pe l ength . F o r  h e a t i ng purpo s e s ,  l i tt l e  i mp rovement i n  
p e r f o rman c e  c an b e  expec ted f o r  the TECH s i te ground - c oup l ed 
heat pump w i th a l onger ground c o i l . An i mp rovement i n  
p e r f o rman c e  o f  8 . 9% i s  p redi c ted f o r  a he a t i ng c o i l twi c e  
the p r e sent l ength . S i nc e  the pump s c o nsumed 8 . 8% o f  the 
t o t a l  powe r to ope r ate the exi s i tng h e a t  pump , the 
addi t i o n a l  powe r ne eded to c i rcu l ate the f l u i d  through the 
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P U MP I N G P O W E R  N O T  C O N S I D E R E D  
P U MP I N G P O W E R  C O N S 1 D E R E D  
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Figure 2 2 .  GROCS � redi c t io n  wi th Changing Hea t  F lux to the Ground 
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i nc re a s e d  pipe l ength wi l l  dimi ni sh the p redi c ted 
i mprovement in p e r f o rmanc e .  I f  the a s sump t i o n  i s  made that 
the addi t i o n a l  pump i ng power requ i red wou l d  i nc r e a s e  
p ropo rt i on a l l y  wi th the pipe l ength , the i mp r ovement i s  only 
3 %  f o r  the doub l ed pipe l e ngth . F i gu r e  2 2  a l s o  show s that 
any further i n c r e a s e  i n  pipe l ength w i l l  b e gi n to dec re a s e  
p e r f o rmanc e when the pump i ng powe r i s  t aken i nto 
c o n s i de ra t i on . 
· B l o c k  Confi gu r a t i o n  
Thr e e  di f f e rent b l o c k  c onfi gu r at i on de s i gn s  f o r  the 
ground o f  varying c omp l ex i ty were e x am i ned w i th the 
mode l i ng . The s i mp l e s t  c o n f i gurat i o n  wa s c omp o s ed o f  2 free 
b l oc k s  and had 4 i nt e r f ac e s  b e tween them . A more 
c omp l i c ated c o nf i gu r at i on w a s  e x ami ned wh i ch had 6 free 
b l o c k s  and 1 2  i nt e r f ac e s . F i na l l y  a b l o c k  di agram whi ch w a s  
mode l ed a f t e r  F i she r ' s  b l o c k  di agram ( 4 ) , w a s  exam i ned whi ch 
had 2 0  f r e e  b l o c k s  and 42 i nt e r f ac e s . The mode l w a s  
executed w i th e ach c onfi gurati o n ,  and the s e a s o n a l  
p e r f o rman c e  p redi c ted by the mode l w a s  c ompared to the 
ob s e rved expe r i ment a l  p e r f o rmanc e . The r e s u l t s  are 
d i s c r i bed on T ab l e  3 .  The T ab l e  show s a 5% di f fe renc e 
b e twee n  the pred i c ted and the expe ri ment a l  p e r f o rmanc e wi th 
the s i mp l e s t  b l o c k  de s i gn ,  and a 4% di f f e r e nc e when u s i ng 
the b l o c k  c on f i gurati on wi th the maximum numbe r  o f  free 
b l o c k s  avai l ab l e . I t  i s  i nt e r e s t i ng that the i nt e rmedi ate 
b l oc k  de s i gn p rovi de s the mo st a c c u r ate predi c t i o n . The 
predi cted p e r fo rmanc e s  are a l l  w i th i n  1 0% of the 
exp e r iment a l  p e r f o rmanc e . 
T ab l e  3 .  Re su l t s  F rom Three D i f f e r ent B l oc k  C o nf i gu rati o n s  
S I MULAT I ON 
CONF I GURAT I ON A 
CONF I GURAT I ON B 
F I SHER ' S 
Exp e r i ment a l  
6MO SPF 
2 . 43 
2 . 5 8 
2 . 46 
2 . 5 7 
%D I FF 
5 . 45 
0 . 40 
4 .  2 8  
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The s e  r e su l t s  i ndi c ate that a n  i nc re a s e  i n  c omp l ex i ty 
o f  the b l o c k  c onf i gu ra t i on de s i gn do e s  not a lways i mp rove 
the f o r e c a s t i ng abi l i ty of GROC S . The spec i f i c  i n s truc t i on s  
fo r the de s i gn o f  the b l ock confi gu r a t i o n  a r e  a rb i t r a r y  and 
l e ave much up to the di s c r i m i nati on o f  the i nve s t i gato r . I n  
sp i te o f  the a rb i t r a r i ne s s  o f  the b l o c k  d i agram and the 
sens i t ivi ty o f  the mode l to the change s i n  the b l o c k  
di agram , none o f  the predi c ted p e r f o rmanc e f a c t o r s  f o r  the 
di f fe rent b l o c k  de s i gn s  are poo r . Exp e r i enc e w i th the GROCS 
mode l and good eng i ne e r i ng j udgement c an c ompe n s ate for thi s 
l imi t ati on . 
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An attemp t  w a s  made t o  e x amine the m ax imum p o s s i b l e  
p e r f o rmanc e o f  the he a t  pump s y stem a s  p redi c ted b y  GROC S . 
The exp e r i ment a l l y d e r i ved the rma l  conduc tivi ty w a s  not 
c on s t ant throughout the w i nte r . I t  c an b e  a s sumed that had 
the g round c o i l b e e n  i r r i gated that the the rma l  c o nduc t i vi ty 
wou ld have b e e n  c on s t ant at i t s  maximum v a lue . I n  addi t i o n /  
i t  wou l d  n o t  b e  unc ommon t o  have de s i gned f o r  twi c e  the c o i l 
l ength i n  the g round to better acc ommodate f o r  the summ e r  
c o o l i ng l o ad . Comp a r i ng the extrap l o ated p e r f o rmanc e c u rve 
of the TECH hou s e  he at pump wi th p e r f o rmanc e r a t i ng s  f rom 
o ther water s o u r c e  he at pump s l i s ted in the A i r - Condi t i oning 
and Re f r i ge rati on I ns t i tute D i r e c to ry shows that the TECH 
hou s e  he at pump p e r f o rm s  a s  good o r  b e tte r fo r he ati ng than 
o ther he at pump s at the rated c ondi t i on s  ( 42 ) . A s i mu l ati on 
w a s  p e r f o rmed u s i ng twi c e  the p r e s ent c o i l l ength / the 
max i mum month l y  ob s e rved the rma l  c onduc t i vi t y /  and u s i ng the 
pe rfo rmanc e cu rve de r i ved for the he at pump and i ndoo r  heat 
exchange r s y s tem i n  p l ac e  at the end of the s e a s o n . A 
he a t i ng p e r fomanc e f ac t o r  o f  2 . 8 5 w a s  p redi c ted . S i nc e  the 
he at pump mode l unde rp redi cted the p e r f o rmanc e o f  the 
expe r iment a l  s y stem by 5 % 1  i t  i s  re a s onab l e  to predi c t  a 
maximum pe rfo rmanc e o f  ne ar 3 . 0  f o r  thi s s y s tem wi th the 
above c ondi t i on s . 
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Heat Pump P e r f o rmanc e Curve 
B e c au s e  the exp e r i ment w a s  sub j ec ted to a change o f  
i ndo o r  c o i l s  i n  mi d- s e a son , and the r e f o r e  t o  a change i n  i t s  
p e r f o rmanc e func t i o n ,  i t  i s  i nte r e s t i ng t o  p redi c t  how the 
s y s tem wou l d  h ave p e r f o rmed i f  i t  had run the ent i r e  s e a son 
wi th e i the r a i r  s i de c o i l . The anal y s i s w a s  p e r f o rmed u s i ng 
e ach o f  the he at pump p e r f o rmanc e curve s de s c r i b e d  
p revi ou s l y  f o r  the ent i re s e a son . 
T ab l e  4 .  
The r e su l t s  are shown on 
T ab l e  4 .  P e rfo rmanc e wi th D i f fe rent Ai r S i de C o i l s  
HP wjO l d  Co i l  
HP wjNew Co i l  
HP wjB o th 
S P F  Ave Runtime 
2 . 3 6 
2 . 6 5 
2 . 46 
. 3 0 0  
. 2 7 5  
. 2 9 0  
The predi c ted i mp rovement o f  the s y s tem p e r f o rmance 
wi th the rep l ac ement ai r s i de c o i l ove r the s y s tem wi th the 
o r i gi n a l  c o i l i s  1 2 % . Thi s i s  a s i gni f i c ant i mp r ovement i n  
p e r f o rmanc e and i l lus trate s the i mportanc e o f  a prope r l y  
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s i z e d  c o i l . A l a rge r s i gni f i c anc e o f  thi s r e su l t  i s  that 
the p e r f o rmanc e func t i on of the he at pump c an have a 
s i gni fi c ant e f f e c t  on p e r f o rmanc e when c omp a red to the o the r 
p a r amet e r s  i nve s t i g ated . 
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CHAPTER V I I 
CONCLUS I ON S  
The ground - c oup l ed he at pump s y s tem at T E CH Hou s e  I w a s  
found to p rovide adequate spac e h e a t  f o r  the 1 9 82 - 83 w i nte r .  
The expe r i me nt a l  r e su l t s  obta i ned du r i ng the i nve s t i g a t i o n  
are enc o u r ag i n g , and the system oper ated wi th an ave rage 
winter p e r fo rm an c e  f a c t o r  of 2 . 5 7 .  
The mode l i ng sugge s t s  that the he a t i ng s y s tem i s  not 
extreme l y  s e n s i tive to mo s t  o f  the i nput pa r amete r s . L i tt l e  
change i n  p e r f o rmanc e i s  predi c ted by chang i ng the f ar - f i e ld 
s o i l  tempe r a tu re s . L i tt l e  i nf o rmat i on i s  ava i l ab l e  whi ch 
de s c r i b e s  s o i l  temp e r a tu re s ,  howeve r ,  c ommo n  e s timate s 
shou ld give su f f i c i ent r e s u l t s . Chang i ng the the rma l  
c onduc tivi ty o f  the s o i l w a s  found to i n f luence the 
p e r f o rmanc e o f  the s y stem o n l y  s l i ght l y .  The the rma l  
c o nduc t i v i t y  o f  the s o i l c ou l d  b e  i mp r oved b y  i rr i gati o n . 
The expe r i ment a l  de t e rmi nat i on o f  the s o i l  the rma l  
c onductivi ty demon s t r ated a change throughout the s e a s o n  
whi ch re ached a m ax i mum i n  March . The change i n  the the rma l 
c o nduc t i v i t y  i s  attributed to the change i n  s o i l m o i sture . 
I r ri ga t i o n  b y  b o th feed wate r pipe s and s ept i c  d r a i n s  have 
been sugge sted i n  the l i te rature . I nc re a s i ng the c o i l  
l e ngth wou l d  i nc r e a s e  the p e r f o rmance o n l y  s l i ght l y  when 
taki ng i nto c o n s i de r ati on the addi t i ona l pump i ng powe r 
requ i red . 
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I t  i s  doubtfu l  that the di gging o f  a n  addi t i o n a l  
t rench wou l d  prove e c onomi c a l  due t o  the dimi ni shing 
i mp r ovement of p e r f o rm anc e wi th i nc re a s e d  c o i l l ength . 
I mp rovement i n  the heat pump p e r f o rmanc e cu rve w a s  found to 
b e  the mo s t  s i gn i f i c ant factor in i nc re a s i n g  the ove ra l l  
p e r f o rman c e  o f  the s ys tem . 
The TRN S Y S - GROCS mode l i ng o f  the TECH hou s e  
ground- c oup l e d  he at pump i s  found to be an adequ ate 
p redi c t o r  o f  p e r fo rmance i nsp i te of an a rb i t r a r y  b l oc k  
c on fi gu r at i o n  f o r  mode l i ng the ground and the n e e d  f o r  the 
f l ow i ng she e t  approximat i o n . The c l ai m s  b y  Metz that 
adequ ate a c c u r a c y  c an b e  obt a i ned wi th GROC S s e e m s  j u s t i f i ed 
by the re su l t s  shown he re . Mode l i ng wi th d i f fe rent b l o c k  
c o nf i gu r at i on s  showed n o  s i gni fi c ant di f f e rence i n  
p redi c t i ng p e r f o rmanc e f o r  the s y s tem . 
D i s cu s s i on 
No b ac kup he at w a s  u s ed with the ground - c oup l ed heat 
pump dur i ng the h e a t i ng s e a s o n . Thi s h a s  e c onom i c  
advantage s fo r b o th the consume r and the l o c a l  u t i l i ty .  
B a c kup heat i s  u su a l l y p rovi ded by r e l a t i ve l y  expen s i ve 
e l e c t ri c a l  r e s i st anc e he ate r s . I n  addi t i on , the aux i l i ary 
heat i s  u su a l l y  requ i red c o i nc ident w i th the u t i l i t i e s  p e ak 
l o ad t i me . W i de spread u s e  o f  ground - c oup l ed he a t  pump s 
c ou l d  que l l  the demand f o r  powe r dur i ng p e ak t i me s  - un l i ke 
the m o r e  c ommo n  a i r- to - a i r  heat pump sy s tems whi ch gene r a l l y  
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r e l y  o n  r e s i s t an c e  he a t i ng c o i nc i de nt w i th p e ak demand 
p e r i ods . A f a r s i ghted uti l i ty wou ld i nve s t i gate the u s e  o f  
ec onomi c i nc entive s f o r  a homeowne r c o n s i d e r i ng a 
g round - c oup l e d  he ating sy s tem . 
Whe n  a s s e s ing the potent i a l  o f  a c on sume r ' s  i nt e r e s t  i n  
the ground- c oup l e d  he a t i n g  sy stem , the i mp rovement i n  
p e r fo rman c e  mu s t  b e  c omp ared w i th the i n c re a s e  i n  i n i t i a l  
c ap i t a l  c o s t  ove r a n  a i r - to - a i r  s y s tem . I n  any event , i t  i s  
de s i r e ab l e  to reduc e c ap i t a l  c o s t  expendi tur e s  when 
p e r f o rmanc e i s  o n l y  s l i ght l y  i mp a i red . I ni t i a l  t renchi ng 
c o s t s  c ou ld be l e s s ened by p l ac i ng two or m o r e  c o i l s  wi th i n  
the s ame t rench . S i nc e  m o s t  o f  the temp e r ature e f f e c t  on 
the s o i l was f e l t  wi thi n 1 5  c ent i me t e r s  di s t ant f rom the 
pipe , the p i p e s  shou ld be separated verti c a l l y  by at l e a s t  
3 0  c entimete r s . The t renching c o s t s  c ou l d  b e  at l e a st 
ha lved b y  thi s m e tho d ,  and i n  addi t i o n  the need f o r  a l arge 
ground sur f a c e  a r e a  i s  l e s s ened . 
The heat pump current l y  i n s t a l l ed a t  the TECH s i te i s  
rated by the manu fa c tu r e r  o n l y  between 4C and 1 6C f lu i d  
i n l e t  temp e r a tu r e . O ften the ground - c oup l ed he at pump 
oper ated at l ow e r  i nl e t  f lu i d  temp e r a tu re s ,  and i n  more 
no rthern parts o f  the c ountry , such a s y s tem may ope rate 
w i th the i n l e t  fluid tempe r ature b e l ow f r e e z i ng f o r  a l arge 
part of the he a t i ng s e a so n . I n  addi t i o n ,  s i nc e  thi s he at 
pump s y s tem i s  de s i gned to s e rve both he a t i ng and c o o l i ng 
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need s , one c an exp e c t  that the ent e r i ng w ate r temp e r ature i n  
the summ e r  wi l l  gene ra l l y  b e  much hotte r than the hi gh 
temp e r ature r a t i ng . Thi s c re ate s a p r ob l em f o r  a s i ng l e  
s tage c omp re s s o r  whi ch c o nnot ope ra t e  a t  i t s  opt i mum at b o th 
temp e r ature extreme s . C ompre s so r  f l ow modu l at i on h a s  been 
found beni f i c i a l  in i mproving p e r fo rman c e  in the a i r - to - a i r  
he at pump s ,  and the potent i a l  e x i s t s  fo r thi s app l i c at i on 
w i th the ground - c oup l ed heat pump s ( 43 ) . Deve l opment o f  a 
wate r to a i r heat pump w i th a mu l t i stage c omp re s s o r  de s i gned 
f o r  g round- c oup l ed app l i c ati ons c ou l d  i mp rove the ove r a l l 
e f fi c i enc y o f  the s e  s y s tem s . 
I mp r ovement s i n  s ome o f  the· i n s t rumenta t i o n  o f  the TECH 
hou s e  s y s tem wou l d  e nhanc e the ana l ys i s .  Mo st t roub l e s ome 
w a s  the unf o r tunate l o c ati on of the b r i ne temp e r ature prob e s  
wi th i n  the he ated spac e . The s e  shou l d  have b e e n  p l aced 
w i th i n  the bur i ed s e c t i on o f  the c o i l and s eve r a l  feet away 
f rom the hou s e . A l s o  the r e ading o f  i n s t antane ou s 
tempe ratu r e s  c ou l d  b e  mi s l e ading . The re w a s  no i ndi c at i o n  
i f  a temp e r atu re w a s  me a su red whi l e  the h e a t  pump w a s  on . 
W i th an ave r age runtime o f  about 3 0% ,  a s  e s t ab l i shed f rom 
a c tu a l  and max i mum potenti a l  pump power dat a , it i s  more 
l i ke l y  that the s y s tem was off at any p a rt i c u l a r  i n s t ant . A 
swi tch i ndi c at i ng whethe r the heat pump w a s  on o r  o f f  dur i ng 
a m e a surement wou l d  he lp to determ i ne whi ch temp e r ature 
r e c o rd s  w e r e  of mo re s i gni fi c ant va lue . 
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The d e t e rm i n a t i o n  o f  the the rma l  propert i e s  o f  the s o i l 
a l s o  l e ave s r o om fo r improvement . Methods f o r  de t e rm i n i ng 
s o i l the rmal c o nduc tivi ty on s i te wi th m i n i m a l  s o i l 
di s tu rb a n c e  are ava i l ab l e ,  and the u s e  o f  the s e  wou l d  be an 
i mp r ovement i n  d e t e rm i n i ng s o i l the rm a l  prop e r t i e s  over 
u s i ng gene r a l  data f rom s o i l s  re l ated o n l y b y  gro s s  
di f f e renc e s  i n  g r a i n  s i z e . I t  i s  c onc i evab l e  to de s i gn an 
expe r i me nt a l  p r o c e edure to determi ne the r ange of the rma l  
prop e rti e s  and s o i l moi sture s and to app l y  the s e  va lue s to 
an emp i r i c a l  re l at i o n  de s c r i b i ng the change in the s e  
prop e rt i e s  over the s e a sons . Accurate and dur ab l e  s o i l 
mo i s ture s e n s o r s  shou ld b e  i n s t a l l ed b e f o r e  any re l at i onship 
b e tween s o i l mo i s tu r e  and the rma l  c onduc t i vi t i e s  c an be 
appro x i m ated . 
L i tt l e  gui danc e i s  avai l ab l e  from the GROC S l i t e r ature 
in sugge s t i ng spec i fi c  type s of b l oc k  c on f i gu r a t i ons or 
spe c i fi c  l i mi t a t i o n s  regarding the b l o c k  a rchi t e c ture . I f  
the b l o c k  adj a c ent to the heat s ou r c e  i s  too sma l l ,  
c onve rgence m ay b e c ome di f f i cu l t . I n  addi t i on , i f  thi s  
b l o c k  i s  sma l l ,  the f l ow i ng she et app r o x i m at i on b e c ome s mo re 
unre a l i s t i c . The f l ow i ng she e t  approximat i on a s sum e s  a 
c o n s t ant temp e r ature boundary at the i nt e r f a c e  o f  the 
adj ac ent b l o c k  wi th the neare st f r e e  b l o c k . Thi s requi re s 
that the b l o c k  adj ac ent to the heat s o u r c e  h ave a m i n i mum 
thi c kne s s  b e f o r e  the approximat i o n  c an be c o n s i de red 
re a l i s t i c . Furthe r ,  the f l owing shee t  app roximati on c an be 
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used onl y  f o r  c o i l f i e l d s  wi th l i mi ted c o i l geomet ri e s . 
The re i s  no appa rent j u s t i fi c at i o n  f o r  u s i ng thi s 
approximat i on to mode l s i ng l e  i so l ated p i pe s ,  two pipe s 
w i thi n o ne trench o r  o the r a r rangement s o f  g round p i pe s such 
a s  ve rti c a l  g r i d s . Ob s e rvati o n  o f  the temp e r atu r e  p r o f i l e s  
o f  the s o i l  show tha t  mo st o f  the s i gni f i c ant temp e r a ture 
change s o c cu r  n e a r  the pipe , howeve r ,  GROCS l ump s e ach b l o c k  
a s  h aving a uni f o rm temp e r ature . Re l i anc e o n  the f l ow i ng 
she e t  app ro x i m at i on r e s r i c t s  the ab i l i ty o f  the mode l i n  
r ep r e s e nt i ng the a c tu a l  phy s i c a l  phenomeno n . The devi ati o n  
f rom the phy s i c a l  appro ach to mode l i ng c o u l d  make futu re 
deve l opment o f  GROCS m o r e  di f f i c u l t . I t  wou l d  b e  di f f i c u l t  
i n  the GROC S mode l to i nc lude the e f f e c t s  o f  fre e z i ng a round 
the pipe , or the e ff e c t  of l o c a l  dryi ng of the p i p e  du r i ng 
the c oo l i ng s e a s on a s  o ften o c curs . Whi l e  GROCS i s  
repo rted l y  su i ted f o r  ground- c oup l ed t ank ana l y s i s ,  i t s  
app l i c ati on w i th g round - c oup l ed pipe c o i l s  i s  m o r e  t e nuou s . 
Furthe rmo re , i t  i s  sugge sted by mode l i ng di f f e rent b l oc k  
c o nf i gu r a t i o n s  tha t  the re m a y  be l i tt l e  advantage t o  
i nc ludi ng a d e t a i l ed m e sh o f  f r e e  b l o c k s  a r ound the adj a c ent 
b l o c k  p a i r s . The di ffe renc e i n  the p e r f o rmanc e p redi c t i on 
f rom u s i ng a 2 f r e e  b l o c k  me sh and the max i mum 2 0  b l o c k  me sh 
i s  o n l y  5% . I n  the GROCS manu a l  Andrews s t ate s that 
natur a l l y o c c u r i ng ground i nhomogene i t i e s  l i m i t  the a c c u r a c y  
o f  a n y  mode l to about 1 0% ,  and that i t  may b e  a w a ste to u s e  
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mode l s  m o r e  ac curate than thi s l i mi t .  B a s e d  o n  thi s 
opi ni on , p e rhap s a mode l de a l i ng wi th o n l y  the s o i l  n e a r  the 
g r ound c o i l wou ld be mo re approp r i ate . Other mode l s  o r  
a l te rnative s f o r  the f l ow i ng she e t  app r o x i mati o n  shou ld b e  
c omp a red w i th GROCS i n  future s tudi e s . 
Future s tudi e s  shou l d  c ombi ne the anal ys i s  o f  b o th 
h e a t i ng and c o o l i ng s e a s o n s . A l though g round c o i l s  have 
been u s ed exten s i ve l y  for he a t i ng o n l y he at pump s i n  
S c and i navi an c ount r i e s  i n  Europe and t o  a l e s s e r  ex tent i n  
the Northe rn Uni ted S tate s ,  l i mi ted exp e r i enc e i s  ava i l ab l e  
wi th regard t o  the c o o l i ng app l i c at i on o f  ground c o i l heat 
pump s . I n  addi t i o n ,  the TRNSYS mode l shou l d  b e  mo re 
c omp l e te l y  u s ed to mode l the ent i re hou s e  u s i ng onl y weathe r 
data a s  i nput to the mode l . Thi s mode l i ng appro ach wou l d  
a l l ow fo r r e g i o n a l  s tudi e s . 
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SO I L  PROPERT I E S  
P roperty 
Di s tu rbed 
S o i l 
Und i s tu rb e d  
S o i l  
Natu r a l  Mo i stu r e  
Vo i d  Rat i o  
W e t  D en s i ty 
Degree o f  S atu r a t i o n  
G r a i n  S i z e ( 1 5% 
2 4% 1 7% 
1 . 12 0 . 5 3 6  
9 8 . 09 lb sjft3 1 2 4 . 6 8 lb sjft3 
5 4 . 4% 7 8 . 0 4% 
S and and 8 5 %  C l ay and S i l t ) 
S amp l e  C a l cu l at i o n  Undi s turbed S o i l  
1 .  C a l c u l ate D ry D e n s i ty 
Den s i ty = 1 2 4 . 6 8 lb s/ft3 at 1 7% mo i s tu r e  
1 2 4 . 6 8 lb s/ft3 X 0 . 83 = 1 03 . 4 8 l b sjft3 = D ry Den s i ty 
2 .  C a l cu l ate Vo i d  Vo lume 
Vo i d  Rat i o  = 0 . 5 3 6  
V s  + Vv = 1 and Vv/V s = 0 . 5 3 6  
Vv/ { 1 - Vv ) = 0 . 5 3 6  - - - Vv = 0 . 3 4 9  
3 .  C a l cu l ate S atu rated Den s i ty 
1 03 � 4 8 l b s/ft3 + 6 2 . 4 l b sjft3 X ( 0 . 3 49 ) = 1 2 5 . 2 6 lb sjft3 . 
4 .  S atur ated Mo i s tu r e  
6 2 . 4 l b sjft3 X Vv I 1 2 5 . 2 6 lb sjft3 = 1 7 . 4% 
9 0  
9 1  
APPEND IX B 
Data Summary 
Spe c i f i c  data perti nent to the performanc e of the 
ground- c oup l ed heat pump we re re c o rded hou r l y  from November 
1 ,  1 9 82 through Apr i l  3 0 ,  1 9 83 . Dur i ng the s e  2 6  weeks , data 
we re obt a i ned f o r  9 4 . 3% of the tota l 43 6 8  hour s .  A summary 
o f  s e l ec ted data i s  shown on T ab l e  A- 1 .  
I nterrupti ons i n  the data r e c o rd we re de l t  w i th 
dependi ng on how the data was to be used . E rroneou s data 
was typi c a l l y  di sp l ayed as an unre a l i s tc a l l y  hi gh va lue , and 
data was s c reened by a s s i gning l i m i t s  f o r  the va lue s f o r  
each type o f  data . Temperature values exc eeding 7 5  C and 
heat fl ows exc e edi ng 2 5 , 000 watt s/hour were c o n s i de red i n  
erro r . When dai ly ave rage data was o f  i ntere st , the va lue s 
for e ach data b e l ow i t s  re spective upper l imi t was summed 
and ave raged . I f  more than ha l f  o f  the data for a va lue f o r  
a parti cu l a r  d a y  exceeded thi s l i mi t ,  then no va lue was 
taken a s  that day ' s ave rage . When hou r l y  i nput w a s  requi red 
e r roneous data was rep l aced by that value ' s hou r l y  ave rage 
for the ent i r e  s e a son . Only one peri od expe ri enced 
s i gni f i c ant l o s s  o f  dat a due to a ma l func t i on i n  the Data 
Aqui s i ti on Sy stem . Thi s week a l so expe ri enced the mi lde s t  
tempe ratu re o f  the heating s e a son and l i tt l e  u s e ful data w a s  
l o s t . 
\'l e e k  
B e g i n i ng 
NOV 0 1  
NOV08 
N OV 1 5  
NOV 2 2  
N OV 2 9  
DEC06 
D EC 1 3  
D E C 2 0  
DEC 2 7 
J !>. N 0 3  
J A N 1 0  
JAN 1 7  
J !>.N2 4 
J?.N 3 1  
F E B 0 7  
FE B 1 4  
F E B 2 1  
FEB2 8 
�1,t, R 0 7  
MAR 1 4  
MA R 2 1 
�1A R 2 8  
A P R 0 4  
AP R 1 1  
A P R 1 8  
A P R 2 5  
TOTAL 
AVERAGE 
Tab l e  A - 1 .  W e e k l y  Summ a r y  o f  S e l e c t e d  
T o t a l  
E n e r g y  
C o n sumed 
( M K J ) 
4 8 3  
4 5 9  
5 1 9 
4 5 6  
1 5 9 
6 6 5  
1 1 9 4  
5 3 8  
7 3 4  
1 0 2 2  
1 1 0 6 
1 3 4 3 
9 6 6  
1 1 5 7  
1 1 7 8  
5 4 5 
6 7 2  
2 9 7  
* * *  
1 7 1  
9 2 7  
5 7 5  
2 3 9  
3 4 6  
7 1 7  
1 1 4  
1 6 5 8 2  
6 6 3  
G r ound - Coup l e d H e a t  Pump S tu d y  
Novemb e r  1 9 8 2 - Ap r i l  1 9 8 3  
C o nd e n s e r  
Loop H e a t  
T r a n s f e r  
( MKJ ) 
9 4 0  
8 8 6  
1 0 0 1  
8 9 4  
2 6 6  
1 4 5 4  
2 7 2 6  
1 2 1 0 
1 6 1 9  
2 0 6 7  
1 9 4 6  
2 2 5 5 
1 5 9 2  
1 9 4 4  
2 0 0 3  
1 1 6 7  
1 5 8 1  
6 0 3  
* * *  
3 2 0  
2 1 7 3  
1 2 8 1  
4 9 5  
8 0 1 
1 7 4 7  
2 6 7  
3 3 2 3 8  
1 3 2 9  
Evapo r a t o r  1'/e e k l y  
Loop H e a t  P e r f o rm a n c e  
T r a n s f e r  
( MKJ ) 
8 7 0  2 . 80 
8 6 3  2 . 8 8 
8 8 4  2 . 7 0 
9 3 1  3 . 0 4 
2 5 1  2 . 5 9 
1 1 83 2 . 7 8 
1 9 8 7  2 . 6 6 
7 9 2  2 . 4 7 
1 0 0 7  2 . 3 7 
1 3 6 9 2 . 3 4 
1 5 5 2  2 . 4 0 
1 9 1 3  2 . 4 2 
1 3 4 5 2 . 3 9 
1 5 0 4  2 . 3 0 
1 4 6 4  2 . 2 4 
8 8 4  2 . 6 2 
1 1 8 7  2 . 7 7 
4 9 7  2 . 6 7 
* * *  1 . 0 0 
2 4 7  2 . 4 4 
1 6 8 6  2 . 82 
1 0 4 2  2 . 8 1 
408 2 . 7 1 
6 4 3  2 . 8 6 
1 3 8 3  2 . 9 3 
2 2 0  2 . 9 3  
2 6 1 1 2  2 . 5 7 
1 0 4 4  2 . 6 4 
- - -- -- - -- -- ---
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D a t a  
O pe r a t i n g D e g r e e  
T i m e  D a y s  F 
1 8 . 9% 1 1 4 
1 8 . 5 % 1 2 4  
2 1 . 0% 1 0 6  
1 8 . 2 % 9 8  
5 . 2 % 5 3  
2 7 . 7 % 1 4 4 
5 2 . 8% 1 9 5  
2 3 . 1 % 1 0 9  
3 1 . 6% 1 3 3  
4 5 . 1 % 1 8 2 
4 9 . 6% 2 0 2  
6 4 . 3 % 2 2 1  
4 5 . 9 % 1 7 5 
6 0 . 0% 1 8 9 
5 6 . 6% 2 0 3  
2 7 . 3 % 1 3 2  
3 4 . 3 % 1 5 4  
1 3 . 6% 7 0  
0 . 0% 1 9  
5 . 8% 6 9  
4 6 . 0% 1 6 9 
2 7 . 0% 1 2 8  
1 0 .  1 % 6 8  
1 5 . 7% 8 6  
3 5 . 2 % 1 5 5  
5 . 5 % 2 6  
2 9 . 0% 3 3 2 4  
2 9 . 2 %  1 2 8  
9 3  
APPEND I X  C 
GROCS Confi gurati ons 
The program GROC S so lve s the heat f l ow f i ni te 
diffe renc e equati on s  ove r a system o f  " b l o c k s " o f  e arth . 
E ach b l o c k  i s  a vo lume of earth who se s i z e  and shape are 
dete rmi ned b y  a hand drawn mode l ( 3 8 ) . Dur i ng the c ourse o f  
the study , 3 di ffe rent hand drawn b l ock c o n f i gurati on mode l s  
were i nve s t i gated . One o f  the mode l s  w a s  adapted f rom the 
work of F i she r ( 4 ) , and the othe r two mode l s  were o f  s i mp l e r  
de s i gn s o  that the e f fect of the b l ock de s i gn c ou l d  be 
exami ned . To mode l the pipe f i e ld ,  the p i p e s  were a s sumed 
to be o r i ented i n  a serpentine array with i n  a 9 mete r by 3 0  
mete r are a . Thi s area was a l s o  the proj e c ted dimen s i o n  o f  
the adj ac ent b l o cks . The othe r free and the ri gged b l ocks 
we re bui l t  around the adj ac ent b l ocks . The b l ocks were 
shaped e i ther as a rectangu l a r  par a l l e l ep iped or s imi l a r  to 
a p i c ture f r ame shape ( a s in Fi sher ' s  mode l ) . The fo l l owing 
f i gures  rep r e sent the 3 b l ock mode l s .  I n  e ach fi gure the 
pipe f i e l d  i s  l o c ated 1 . 2  me te rs be l ow the surfac e ,  and the 
dimensi ons are propo rti onal to the s i z e  o f  the adj a c ent 
b l ocks . 
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Figure C - 1 . Fis her ' s  E arth B l ock Model . 
0 . 6  
I .  2 
2 - �  
J . S  
5 . 5  
w 
u 
< 
lJ.. 
0: 
:::> 
(/) 
I.: 
0 
0:: 
lJ.. 
(/) 
0: 
I.LJ 
,__ w I.: 
_.,...- 2 2  
I S__,.A 
� ?.\)'('. 
\\-?--s ,�\\-
'('.<t \ \_?--'-
c,\-'t\ 
--- - - c�_ 
2 0  F R E E  B L O C K  
< 6 >  R I G G E D  B L O C K  
\.0 
"" 
4 
5 
1 
2 
6 
3 
< 4 > 
B L O C K  C O N F 1 G U R A T 1 0 N B 
< 3 > 
< 4 >  
B L O C K  C O N F 1 G U R A T 1 0 N A 
F i g u r e  C - 2 . E a rth B l ock Mode l ' s  A and B .  
< .  > 
< 2 >  
< 3 >  
< > 
< > 
9 5  
9 6  
APPEND I X  D 
TRNSYS ALTERAT I ON S  
I n  o rd e r  f o r  TRNSYS to r e t a i n  auxi l i a r y  he a t  and a l s o 
f o r  i t  to u s e  two di f f e rent heat pump curve s f o r  e ach o f  the 
two a i r c o i l s  de s c ribed i n  Chapter 5 ,  s ome m i no r a l te r ati o n s  
we re made to the he at pump sub rout i ne TYPE2 0 . FOR . The 
program i s  l i sted in fu l l .  The c o r r e c t i o n s  are found 
b e tween the p a i r s  o f  c omment c a rd s  C ( FC ) * * * * l and 
C ( FC ) * * * * 2 .  
TYPE 2 0 . FOR 
c .  
SUBROUT I NE TYPE2 0 ( T I ME , X I N , OUT , T , DTDT , PAR , I NFO ) 
C TH I S  ROUT I NE MODE L S  A HEAT PUMP CAPABLE OF U S I NG A I R  OR 
C L I QU I D  S I NKS AND SOURCE S AND OPERAT I NG IN A VAR I ETY OF 
C MODE S . THE I NTERNAL CONTROLLER W I LL ST I CK AFTER 4 
C I TERAT I ON S  AT A G I VEN T I ME STEP I F  I T  HAS NOT SETTLED ON 
C A MODE BY THAT T I ME . TH I S  CAN BE CHANGED BY MOD I FY I NG 
C THE VALUE OF NSTK I N  THE DATA STATEMENT . 
C THE FOLLOWI NG MODE CODE CONVENT I ON I S  USED : 
C MODE= l - HEAT W I TH SOLAR SOURCE EVAPORATOR 
C MODE=2 - HEAT W I TH OUTDOOR SOURCE EVAPORATOR 
C MODE=3 - COOL W I TH SOLAR S I NK CONDENSER 
C MODE=4 - COOL W I TH OUTDOOR S I NK CONDENSER 
C MODE=5 - D I RECT HEAT I NG FROM SOLAR SOURCE 
C MODE= 6  - AUX I L I ARY 
C MODE=7 - EVERYTH I NG OFF 
CTHE FOLLOW I NG MODE COMB I NAT I ONS MAY OCCUR TOGETHER :  
c 2 - 5 , 2 - 5 - 6 , 1 - 6 , 2 - 6 , 5 - 6  
REAL MDOT l , MDOTO 
D I MEN S I ON X I N ( l O ) , OUT ( 2 0 ) , PAR ( l 8 ) , I NFO ( l O ) , Y ( 3 ) 
DATA NSTK/4/ , I UN I T/0/ 
WAH=O . 
QA l = O . 
QRl=O . 
Hl=O . 
H2 =0 . 
H3=0 . 
ODH=O . 
QAC=O . 1 
QRC=O . 
VvAC=O . 
QR2 =0 . 
QA2 =0 . 
QAUXH=O . 
QSHRTC=O . 
I F ( I NF0 ( 7 ) . GE . O ) GO TO 1 0  
I NF0 ( 6 ) = 1 6  
I NF0 ( 9 ) = 1 
OUT ( 19 ) =0 .  
I F ( PAR ( 1 5  ) . L T . 0 . . 0 R . PAR ( 1 5  ) . G T . 1 .  ) 
* CALL TYPECK ( 4 , I NFO , O , O , O )  
CALL TYPECK ( 1 , I NF0 , 5 , 1 8 , 0 )  
1 0  I F  ( I NF0 ( 1 )  . EQ .  I UN I T ) GO TO 1 2  
I UN I T  = I NFO ( l )  
C P 1 =PAR ( 1 )  
MDO T 1=PAR ( 2 ) . 
TROOMH=PAR ( 3 )  
TROOMC=PAR ( 4 ) 
TM I N1 =PAR ( 5 )  
TM I N2 =PAR ( 6 )  
NDATA1 =PAR ( 7 )  
NDATA2 =PAR ( 8 )  
NDATAC=PAR ( 9 )  
I SAVE 1 =PAR ( 1 0 )  
I SAVE2 =PAR ( 1 1 )  
I SAVEC'=PAR ( 1 2 )  
TCOOL=PAR ( 1 3 )  
CA I R=PAR ( 1 4 )  
E FF=PAR ( 1 5 )  
T SET=PAR ( 1 6 )  
I COOL=PAR ( 1 7 )  
THEAT=PAR ( 1 8 )  
1 2  TTANK=X I N ( 1 )  
C ( FC ) * * * * * * * * * * * * * * * * * * * * * * 1 
I F ( I NF0 ( 7 ) . EQ . O ) QLOAD=X I N ( 4 ) - EXTRAQ 
C ( FC ) * * * * * * * * * * * * * * * * * * * * * * 1 
TAMB=X I N ( 3 )  
I GAM=X I N ( 5 )  
MODE= I F I X ( OUT ( 1 9 ) + . 0 1 )  
MDOTO=MDOT 1 
C CHECK NUMBE R  O F  I TERAT I ONS 
I F ( I NF0 ( 7 ) . LE . NSTK ) GO TO 1 0 0  
C U S E  PREV I OUS MODE 
GO TO ( 3 1 0 , 40 0 , 5 2 0 , 5 2 0 , 1 1 0 , 60 0 , 7 0 0 ) , MODE 
C F I ND NEW MODE 
1 0 0  I F ( I GAM . EQ . O )  G O  T O  7 0 0  
I F  ( QLOAD . GE . O . ) G O  T O  5 0 0 
9 7  
I F ( TAMB . GT . THEAT ) GO TO 7 0 0  
I F  ( TTANK . LE . TSET ) G O  TO 3 00 
C D I RECT HEAT I NG FROM STORAGE TANK 
1 1 0  MODE =5 
CHOT=MDOT 1 * CP 1 
I F  ( CA I R . LE . CHOT ) GO TO 1 2 0  
QMAX=CHOT * ( TTANK- TROOMH ) 
GO TO 1 4 0  
1 2 0  QMAX=CA I R* ( TTANK-TROOMH ) 
1 4 0  QTRAN=EFF* QMAX 
HRSON4=ABS ( QLOAD/QTRAN ) 
I F ( HRSON4 . LE . 1 )  GO TO 1 5 5  
HRSON4= 1 .  
QAUXH= - ( QLOAD +QTRAN ) 
1 5 5  QDH=QTRAN* HRSON4 
TOUT=TTANK- QDH/CHOT 
9 8  
C CHECK A I R  SOURCE HEAT PUMP A S  AN AUX I L I ARY TO D I RECT HEAT . 
C DERATE HEAT PUMP PERFORMANCE BY DECREAS I NG TAMB . 
T S RC=TAMB- QDH/CA I R  
I F ( QAUXH . LE . O . O . OR . TAMB . LT . TM I N2 ) GO TO 8 0 0  
CALL DATA ( I SAVE 2 , NDATA2 , 3 , T SRC , Y , I NFO ) 
QA=Y ( 1 )  
QR=Y ( 2 )  
WA=Y ( 3 )  
I F ( QR . LE . O . ) GO TO 8 0 0  
H2 =QAUXH/QR 
I F ( H2 - 1 . ) 1 5 9 , 1 5 9 , 1 5 8  
1 5 8  H2 = 1 . 
QAUXH=QAUXH- QR 
GO TO 1 6 0  
1 5 9  QAUXH=O .  
1 60 WAH=WA*H2 
QR2 =QR* H2 
QA2 =QA* H2 
GO TO 8 0 0  
C SYSTEM I S  I N  MODE 1 , 2 , 0R 6 
3 0 0  I F ( TTANK . LE . TM I N 1 . AND . TAMB . LE . TM I N2 ) GO TO 6 0 0  
I F ( TTANK . LE . TAMB . AND . TAMB . GE . TM I N2 ) G O  TO 4 0 0  
I F ( TTANK . LE . TM I N 1 . AND . TTANK . GT . TAMB . AND . TAMB . GE . TM I N2 ) 
* GO TO 400 
C HEAT FROM S O LAR SOURCE EVAPORATOR 
3 1 0 MODE= 1 
C ( FC ) * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 2 
I F ( X I N ( 2 ) . EQ . O . O ) GO TO 7 0 0  
I F ( T I ME . GE . 2 5 2 0 ) GO T O  3 05 
CALL DATA ( I SAVE 1 , NDATA 1 , 3 , TTANK , Y , I NFO ) 
GO TO 3 1 5 
3 0 5  CALL DATA ( I SAVE2 , NDATA2 , 3 , TTANK , Y , I NFO ) 
3 1 5 CONT I NUE 
QA=Y ( l )  
QR=Y ( 2 ) 
WA=Y ( 3 )  
I F ( QR . LE . O . O ) GO TO 6 0 0  
H l = - QLOAD/QR 
I F  ( Hl . LE . l . ) GO TO 3 6 0 
H l = l . 
QAUXH= - ( QLOAD +QR ) 
3 6 0 WAH=WA* H l  
QAl =QA*H l  
QRl =QR* H l  
EXTRAQ=QAUXH 
TOUT=TTANK- ( QA/ ( MDOT l * CP l ) ) 
MDOTO=X I N ( 2 )  
C ( FC ) * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 2 
GO TO 8 0 0  
4 0 0  CONT I NUE 
C HEAT FROM OUTDOOR SOURCE EVAPORATOR 
MODE=2 
CALL DATA ( I SAVE2 , NDATA2 , 3 , TAMB , Y , I NFO ) 
QA=Y ( l )  
QR=Y ( 2 )  
WA=Y ( 3 )  
I F ( QR . LE . O . O) GO TO 6 0 0  
H2 = - Q LOAD/QR 
I F  ( H2 . LE . l . ) GO TO 4 6 0  
H2 = 1 . 
QAUXH= - ( QLOAD + QR ) 
4 6 0  WAH=WA* H2 
QR2 =QR* H2 
QA2=QA*H2 
TOUT=TTANK 
MDOTO=O . 
GO TO 8 0 0  
C COO L I NG MODE 
5 0 0  I F ( TAMB . LE . TCOOL ) GO TO 7 0 0  
MODE=3 + I COOL 
5 2 0  T S RC = TAMB 
I F  ( I COOL . EQ .  0 )  T S RC = TTANK 
CALL DATA ( I SAVEC , NDATAC , 3 , T SRC , Y , I NFO ) 
QA=Y ( l )  
QR=Y ( 2 ) 
WA=Y ( 3 )  
I F ( QA . LE . O . O ) GO TO 6 0 0  
H3 =QLOAD/QA 
I F  ( H3 . LE . l . ) GO TO 5 5 8  
H3 = 1 . 
QSHRTC=QLOAD - QA 
GO TO 5 60 
5 5 8  Q S HRTC=O . O  
5 6 0 WAC=WA* H3 
QAC=QA* H3 
QRC=QR* H3 
I F ( I COOL . GE . l )  GO TO 5 9 5  
TOUT=TTANK+ QRC/ ( MDOTl * CP l )  
9 9  
GO TO 8 0 0  
5 9 5  TOUT=TTANK 
MDOTO= O . 
GO TO 8 0 0  
C AUX I L I ARY ONLY OPERAT I ON 
6 0 0  MODE= 6  
I F ( QLOAD . GE . O . ) G O  T O  6 2 0  
QAUXH= - QLOAD 
GO TO 6 4 0  
6 2 0  QSHRTC=QLOAD 
6 4 0  MDOTO=O . 
TOUT=TTANK 
GO TO 8 0 0  
C HEAT PUMP NOT OPERAT I NG 
7 0 0  MODE=7 
TOUT=TTANK 
MDOTO= O . 
8 0 0  · OUT ( l ) =TOUT 
OUT ( 2 ) =MDOTO 
OUT ( 3 ) =WAH 
OUT ( 4 ) =QA1 
OUT ( 5 ) =QR1 
OUT ( 6 ) =H l  
OUT ( 7 ) =H2 
OUT ( 8 ) =H3 
OUT ( 9 ) =QDH 
OUT ( l O ) =QAUXH 
OUT ( l l ) =QSHRTC 
OUT ( l 2 ) =QAC 
OUT ( l 3 ) =QRC 
OUT ( 1 4 ) =WAC 
OUT ( l 5 ) =QR2 
OUT ( l 6 ) =QA2 
OUT ( l 9 ) =MODE 
RETURN 
END 
1 0 0  
APPEND I X  E 
Exp e r i mental E r r o r  Ana l y s i s 
Heat F l ow Me a surements 
The method u s e d  to measure the he at f l ow s  i n  the 
ground - c oup l e d  he at pump s y s tem requ i re that an e r r o r  
ana l ys i s b e  c ar r i ed out t o  c a l cu l ate the unc e rt a i nty i n  
the s e  m e a suremen� s . A s  de s c r i bed i n  Chap t e r  3 ,  the he at 
1 0 1  
f l ow i s  me a sured b y  mu l ti p l y i ng the m a s s  f l ow rate , the 
temp e r ature chang� and the spe c i f i c he a t  o f  the f lu i d  i n  the 
wate r to g round and the water to a i r  c o i l s . The f l ow meter 
produc e s  a pu l se s i gna l who s e  frequenc y i s  p ropo rti onal to 
the f l ow rate , and the temperature s e ns o r s  produc e  a s i gna l 
who s e  f r equenc y i s  p ropo rti onal to the temp e r atu r e  
di f f e renc e . The f l ow i s  then equ a l  to the produc t  o f  the s e  
frequenc i e s  and a c a l ib rated c on s t ant ( whi ch i nc lude s the 
heat c ap ac i ty and any c o nve r s i on c on s t ant s ) . 
Q = K ( Fm )  ( Ft )  
The unc e rt a i nty o f  a me asurement i s  expre s sed b y  Ho lman 
( 43 )  a s : 
wr lo�1 t�x1) 2 + ( ��2 wx�2+ • • •  + ( �� wxn) 2] " 
Whe re W r  i s  the unc e rt a i nty o f  the equ a t i on : 
R = R ( x 1 , x2 , x3 ,  . . .  , xn )  
The reported unc e rt a i nt i e s  o f  the i ndependent v a r i ab l e s  for 
the h e a t  f l ow me a su r ement s are : 
Wk/K = � 7 .  4% 
WFm/Fm 
Y.lFt/Ft 
+ 0 . 5% 
+ 1 . 0% 
The r e fo re the to t a l  unc e rt a i nty c an b e  exp r e s s e d  a s : 
1 02 
I t  i s  s e e n  that mo st o f  the unc e rt a i nty i s  due to the 
ob s e rved change i n  the c a l ib r ati on c on s tant . The 
c a l ib r a t i o n  c o n s t ant w a s  found to vary b e tween e ac h  
c a l i b r a t i on throughout the i nve s t i gati o n . An i nve s t i ga t i o n  
i nto thi s matt e r  c ou ld yi e ld m o r e  a c cu r ac y i n  thi s 
measu rement . 
G round Tempe r atu re Me a surement 
The manuf a c tu r e r  of the r e s i st anc e t empe r ature devi c e s  
l o c ated i n  the ground repo rts an a c c u r a c y  o f � 1 . 3 % ( 44 ) . 
The maximum e rr o r  a s s o c i ated wi th the D a t a  Acqu i s i t i on 
S ystem i s  0 . 5% .  Together the s e  a c c ount f o r  a max i mum 
po s s i b l e  e r r o r  o f  1 . 8% f o r  the ground temp e r atu re s . 
E l e c t r i c a l  Consumpt i on Me a surement 
The watt-ho u r  subme t e r s  had b e en c a l i b r ated t o  wi thi n  
0 . 5% .  The max i mum e r r o r  a c c o c i ated w i th the D a t a  
Acqu i s i t i on S y s tem i s  0 . 5% .  To ge the r the s e  a c c ount f o r  a 
m ax i mum po s s i b l e  e r r o r  o f  1 . 0% fo r the powe r c o n sumpt i on 
m e a surement ( 45 ) . 
1 0 3  
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